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Abstract 
Dissolved organic matter (DOM) is a key global energy source and carbon reservoir that 
links terrestrial and aquatic biogeochemical cycling. Allochthonous organic matter is 
abundant in boreal headwater streams, and environmental changes such as variation in 
nutrient availability and changes to watershed landscape composition have great potential 
for altering the DOM source, its composition and cycling. This dissertation focuses on two of 
the main drivers of aquatic carbon and nutrient cycling: the photochemical and the microbial 
processing of DOM in boreal headwater streams; specifically (i) how the photochemical 
lability of DOM varies between reaches within headwater streams, among headwater 
streams and an associated large river reach, (ii) how stream biofilm mineralization may be 
regulated by watershed organic matter source and composition, increased labile carbon, 
nitrogen, and phosphorus availability, and (iii) whether algal carbon sources are important to 
supporting stream biofilms and if such sources influence the use of allochthonous DOM in 
nutrient-enriched streams. The results suggest changes in landscape and nutrient availability 
have the potential to alter the photochemical and biogeochemical cycling of DOM. DOM 
photolability was increased upstream relative to downstream and the river DOM. This may 
be due to differences in DOM source and composition, and suggests losses in photolabile 
DOM downstream and in the lower reaches of the watershed. The phototransformation of 
DOM into low molecular weight compounds and nutrients such as ammonium is likely 
relevant to the carbon and nutrient cycling in boreal watersheds. Results here further 
suggest that boreal stream biofilm mineralization of DOM is regulated by watershed DOM 
source and composition. Labile carbon sources, such as algal inputs, may also play an 
important role in regulating DOM mineralization and the processing of nutrients by these 
biofilms. In nutrient-impacted streams, where primary production is high relative to nutrient-
poor streams, biofilms may be stimulated to incorporate algal carbon sources. Yet in the 
boreal streams studied here, added labile carbon rarely enhanced the mineralization of 
extant stream DOM suggesting autotrophic-heterotrophic interactions represent a more 
important priming effect relative to changing DOM source in boreal streams. 
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addition treatments, reported as p-values derived from Tukey's Honest Significant 
Difference (THSD) tests. THSD tests were conducted when a C treatment effect 
was observed (based on t-tests). The data table is organized based on season and 
description in text; p-values > 0.05 are considered as non-significant. 
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Table A2.4c:  Interactions between bog-NP treatments and remaining substrate 
addition treatments, reported as p-values derived from Tukey's Honest Significant 
Difference (THSD) tests. THSD tests were conducted when a bog-NP treatment 
effect was observed (based on t-tests); p-values > 0.05 are considered as non-
significant. 
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Table A2.4d: Interactions between pond-NP treatments and remaining substrate 
addition treatments, reported as p-values derived from Tukey's Honest Significant 
Difference (THSD) tests. THSD tests were conducted when a pond-NP treatment 
effect was observed (based on t-tests); p-values > 0.05 are considered as non-
significant. 
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Table A2.4e: Interactions between bog-DOM addition treatments and remaining 
substrate addition treatments, reported as p-values derived from Turkey's Honest 
Significant Difference (THSD) tests. THSD tests were conducted when a bog-DOM 
treatment effect was observed (based on t-tests); p-values > 0.05 are considered as 
non-significant.  
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Table A2.4f: Interactions between pond-DOM addition treatments and remaining 
substrate addition treatments, reported as p-values derived from Tukey's Honest 
Significant Difference (THSD) tests. THSD tests were conducted when a pond-DOM 
treatment effect was observed (based on t-tests); p-values > 0.05 are considered as 
non-significant. 
A2-8 
 
 
 
 
 
 
 XIV 
List of Figures 
Thesis introduction and overview: Microbial and photochemical cycling of dissolved 
organic matter in boreal headwater streams 
Figure I.1: Factors regulating the cycling of dissolved organic matter (DOM) in 
aquatic ecosystems. DOM represents a key global energy and nutrient source and 
carbon reservoir that integrates terrestrial and aquatic biogeochemical cycling. 
Allochthonous DOM is derived from soils, plant litter and animal detritus, and enters 
aquatic ecosystems from the surrounding terrestrial environment mainly via 
hydrological processes. DOM input also originates from autochthonous sources 
including macrophyte and algal production. In boreal watersheds, the contribution of 
DOM from terrestrial sources is large compared to the amount produced within the 
aquatic ecosystem, and varies in its composition. Differences in the composition 
and role of DOM affect the photochemical lability and reactivity of DOM, as well as 
microbial processes including the degradation of DOM and nutrient cycling and 
transport. 
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Figure I.2: Biological cycling of dissolved organic matter (DOM) in aquatic 
ecosystems and relationship between autotrophic and heterotrophic 
microorganisms and higher trophic levels. DOM, originating either from terrestrial 
sources such as leachates from plant litter and soils, or from autochthonous sources 
including photosynthesis by algae, phytoplankton and macrophytes, are consumed 
and decomposed by heterotrophic bacteria and fungi, and transferred to higher 
trophic levels, therefore serving as the dominant carbon and energy source within 
aquatic ecosystems. During the consumption of algae, phytoplankton and bacteria 
by zooplankton, considerable amounts of carbon and nutrients are released into the 
ZDWHUFROXPQLQDSURFHVVNQRZQDV³VORSS\IHHGLQJ´ZKLFKKDVDSRVLWLYHHIIHFWRQ
microorganisms and small grazers. The break-down of large particles allows soluble 
organic substances to dissolve out of the compact matrix which may become 
available as food source. 
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Chapter 1: Variation in the photochemical lability of dissolved organic matter in a 
large boreal watershed 
Figure 1.1: The delineation of the Humber River watershed both (a) as situated in 
western Newfoundland, Canada, and (b) shown in a larger scale to the right to 
illustrate the study sites in the watersheds of Big Falls Brook (BFB; c), Bog Feeder 
(BF; c), and Hughes Brook (HB; d). A minimum of two study sites, representing 
upstream (1) and downstream (2) or lake inlet (DL-1) and outlet (DL-2), respectively, 
were chosen for each catchment. This map was generated using ArcGIS. 
1-11 
Figure 1.2: Seasonal variation in dissolved organic carbon (DOC) concentrations 
(top), and percent DOC loss following light exposure at six study sites within the 
Humber River watershed (bottom), including a wetland-dominated catchment (BFB), 
headwater streams draining primarily coniferous forest (HB), and the inlet and outlet 
of a large lake (DL) located in the lower reach of the Humber River. Values are 
provided as the average ± standard deviation (n = 5). BD = below detection. 
1-26 
Figure 1.3: Dissolved organic carbon (DOC) concentration (top), and DOC and 
absorption loss following light exposure during summer (bottom). Sites represent a 
Sphagnum peatland bog, an upstream site (BF-1) immediately draining the bog, and 
a downstream site (BF-2) situated in a forested reach of the same stream. Losses in 
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 XV 
DOC and absorption were measured as the percent change in DOC concentration 
and absorption at a wavelength of 350 nm, respectively. Values are provided as the 
average ± standard deviation (n = 5). 
Figure 1.4: Average decrease in dissolved organic matter (DOM) absorption 
('aavg), change in absorption ratio a254/a350 ('a254/a350), change in spectral slope 
ratio ('SR=S275-295/S350-400 final - S275-295/S350-400 initial), and relative loss in 
absorption at 350 nm following laboratory light exposure for the six study sites within 
the Humber River watershed collected during three seasons (spring, summer, fall). 
Sites include a wetland-dominated catchment (BFB), headwater streams draining 
primarily coniferous forest (HB), and the inlet and outlet of a large lake (DL) located 
in the lower reach of the Humber River. Numbers following the catchment 
abbreviation refer to the upstream (1) and downstream (2) site in each catchment. 
Values are provided as the average ± one standard deviation (n = 5). BD = below 
detection. 
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Figure 1.5: The stable carbon isotopic composition (G13C-DOC) of photomineralized 
dissolved organic carbon (DOC) plotted relative to initial DOC concentration for all 
individual replicates, study sites, and seasons.  
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Chapter 2: Mineralization of dissolved organic matter by heterotrophic stream biofilm 
communities in a large boreal catchment 
Figure 2.1: The delineation of the Humber River catchment both as situated in 
western Newfoundland, Canada (above), and shown in part in a larger scale (below) 
to illustrate the region and location of the study stream sites within the catchments 
of Crooked Feeder (CF %LJ )DOOV %URRN %)% 3\QQ¶V %URRN 3% DQG*LOODPV
Brook (GB). A minimum of two study sites, representing upstream (triangle) and 
downstream (circle), were chosen for each catchment. 
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Figure 2.2: Illustration of the experimental set-up used in the (a) labile substrate 
DGGLWLRQ H[SHULPHQWV FRQGXFWHG DW %LJ )DOOV %URRN %)% LQ  DQG DW 3\QQ¶V
Brook (PB), Crooked Feeder (CF), and Gillams Brook (GB) in 2009, and (b) ambient 
dissolved organic matter (DOM) addition experiments at Crooked Feeder and 
3\QQ¶V %URRN LQ  The labile substrates used in these experiments were 
glucose (C), ammonium nitrate (N) and potassium phosphate (P), added as 1 mL 
additions to each bottle to achieve final concentrations of 83 µM C, 18 µM N and 3 
µM P, respectively, assuring adequate N and P for C substrate uptake and 
incorporation. Concentrations used here represent N and P values roughly 5-10 
times ambient stream conditions and more typical of concentrations in nutrient-
impacted streams in this region. These substrates were added either as single 
spikes (C, N and P) or as a combination (CNP and NP) immediately upon filling the 
bottles with stream water. The final carbon concentration added with the pond and 
bog DOM concentrates was 167 µM C and 125 µM C, respectively.  
2-17 
Figure 2.3: Biofilm respiration rates (RBiofilm) provided as the ratio of treatment to 
FRQWUROIRUODELOHVXEVWUDWHDGGLWLRQH[SHULPHQWVDW3\QQ¶V%URRN3%DQG&URRNHG
Feeder (CF) in summer 2009, and at Big Falls Brook (BFB) in summer 2008. 
Substrate additions included glucose, ammonium nitrate (N) and potassium 
phosphate (P). Values correspond to the mean of five replicates r one standard 
deviation. Results of the generalized linear model tests of the absolute RBiofilm 
associated with each treatment are provided with asterisks as * p < 0.05, ** p < 
 S UHODWLYH WR WKHFRQWURO QRDGGLWLRQV5HVXOWV IURP WKH7XNH\¶V
Honestly Significant Difference tests for the absolute RBiofilm associated with each 
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treatment are provided by lower case letters (a, b, c), where only those treatments 
designated with different letters were found to be significantly different. 
Figure 2.4: Biofilm respiration rates (RBiofilm) provided as the ratio of treatment to 
control for the ambient dissolved organic matter (DOM) addition experiments along 
D WUDQVHFW RI 3\QQ¶V %URRN 3%-1, PB-2, and PB-3) and at two sites at Crooked 
Feeder (CF-1 and CF-2) in summer 2010. Substrate additions included bog DOM, 
pond DOM, glucose, ammonium nitrate (N) and potassium phosphate (P). Values 
correspond to the mean of five replicates r one standard deviation. Results of the 
generalized linear model tests of the RBiofilm associated with each treatment are 
provided with asterisks as * p < 0.05, ** p < 0.01, *** p < 0.001 relative to the control 
QRDGGLWLRQV5HVXOWVIURPWKH7XNH\¶V+RQHVWO\6LJQLILFDQW'LIIHUHQFHWHVWVIRUWKH
absolute RBiofilm associated with each treatment are provided by lower case letters 
(a, b, c), where only those treatments designated with different letters were found to 
be significantly different. 
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Chapter 3: The impact of nutrient enrichment on dissolved organic carbon 
mineralization by stream biofilms 
Figure 3.1: Ratio of treatment to control biofilm respiration rates (RBiofilm) for 
VXEVWUDWH DGGLWLRQ H[SHULPHQWV DW /HDU\¶V %URRN /%:DWHUIRUG5LYHU :5 DQG
Virginia River (VR). Substrate additions included glucose (C), ammonium nitrate 
(N), and potassium phosphate (P). Values correspond to the mean of five 
experimental replicates r one standard deviation. Results of the generalized linear 
model tests of absolute RBiofilm associated with each treatment are provided with 
asterisks as * p < 0.05 relative to the control (no additions). Results from the 
7XNH\¶V+RQHVWO\6LJQLILFDQt Difference tests for the absolute RBiofilm associated with 
each treatment are provided by lower case letters (a, b, c), where only those 
treatments designated with different letters were found to be significantly different. 
3-22 
Figure 3.2: Ratio of treatment to control biofilm respiration rates (RBiofilm) for 
substrate addition experiments at Virginia River downstream (VR-2) during baseflow 
and stormflow. Substrate additions included glucose (C), ammonium nitrate (N), and 
potassium phosphate (P). Values correspond to the mean of five replicates r one 
standard deviation. Results of the generalized linear model tests of absolute RBiofilm 
associated with each treatment are provided with asterisks as * p < 0.05 relative to 
the control (no additions). Results IURPWKH7XNH\¶V+RQHVWO\6LJQLILFDQW'LIIHUHQFH
tests for the absolute RBiofilm associated with each treatment are provided by lower 
case letters (a, b, c), where only those treatments designated with different letters 
were found to be significantly different. 
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Figure 3.3: Ratio of treatment to control biofilm respiration rates (RBiofilm) for 
substrate addition experiments paired by watersheds and along a nutrient gradient 
in the Ozarks ± Cecil Creek (CC), Mill Creek (MC), Spavinaw Creek (SC), and 
Columbia Hollow (CH). Substrate additions included glucose (C), ammonium nitrate 
(N), and potassium phosphate (P). Values correspond to the mean of five replicates 
r one standard deviation. Results of the generalized linear model tests of absolute 
RBiofilm associated with each treatment are provided with asterisks as * p < 0.05 
relative to the coQWUROQRDGGLWLRQV5HVXOWV IURPWKH7XNH\¶V+RQHVWO\6LJQLILFDQW
Difference tests for the absolute RBiofilm associated with each treatment are provided 
by lower case letters (a, b, c), where only those treatments designated with different 
letters were found to be significantly different. 
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Figure 3.4: Dissolved organic carbon (DOC) uptake rates during substrate addition 
H[SHULPHQWVDW/HDU\¶V%URRNXSVWUHDP/%-1) and downstream (LB-2), Cecil Creek 
(CC), Mill Creek (MC), Spavinaw Creek (SC), and Columbia Hollow (CH), measured 
as control (no additions) and in the carbon (C), nitrogen (N), and phosphorus (P) 
treatments. All other boreal sites were not included in this figure since DOC uptake 
was below detection. BD: Below detection. NA: Not applicable.  
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Chapter 4: Carbon cycling and autotrophic-heterotrophic linkages within boreal 
stream biofilm communities 
Figure 4.1: Biofilm-normalized net inorganic carbon (TIC) uptake (net primary 
production; a) in the light mesocosms (L1, L2, L3) and production (community 
respiration; b) in the dark mesocosms (D1, D2, D3), and gross primary production 
(GPP; c) estimated from the sum of net primary production of each light mesocosm 
and average community respiration at Virginia River upstream (VR-1), Virginia River 
downstream (VR-DQG5HQQLH¶V5LYHUGRZQVWUHDP55-2). Values correspond to 
3 analytical replicates per mesocosm r one standard deviation. 
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Figure 4.2: Newly fixed carbon released as dissolved organic carbon during the 
course of light incubation at Virginia River (VR-DQG5HQQLH¶V5LYHU55-2) given 
as a percentage of net primary production. Values correspond to mesocosm 
averages (L1, L2, L3) r one standard deviation. BD: Below detection. 
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Figure 4.3: Carbon-specific biofilm primary production (PPBiofilm) in the light 
mesocosms (L1, L2, L3) at Virginia River (VR-DQG5HQQLH¶V5LYHU55-2). 
4-27 
Figure 4.4: Changes in dissolved organic carbon (DOC) concentration in the light (n 
   DQG GDUN FKDPEHUV Q    LQFXEDWHG LQ 5HQQLH¶V 5LYHU RYHU D -hour 
incubation period.  Values represent mesocosm averages (n = 3 each) r one 
standard deviation.  
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Appendices  
Figure A2.1: Respiration rates normalized to initial dissolved organic carbon (DOC) 
concentration* at Crooked Feeder (CF-1 and CF-DQG3\QQ¶V%URRN3%-1, PB-2, 
and PB-3) in summer 2010, grouped in this figure based upon similar incubation 
temperature among sites (18.0 ± 18.2qC). Values correspond to five replicates r 
one standard deviation. 
A2-5 
Figure A2.2: Respiration rates normalized to initial dissolved organic carbon (DOC) 
FRQFHQWUDWLRQDW&URRNHG)HHGHU&)3\QQ¶V%URRN3%DQGGillams Brook (GB) 
in autumn 2009, grouped in this figure based upon similar incubation temperature 
among sites (4.0 ± 5.5qC). Values correspond to five replicates r one standard 
deviation. 
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Figure A3.1: Boreal stream biofilm respiration rates normalized to dissolved organic 
carbon (DOC) concentration at unimpacted upstream and nutrient-rich downstream 
VLWHVRI9LUJLQLD5LYHU 95/HDU\¶V%URRN /%DQG:DWHUIRUG5LYHU :5GXULQJ
baseflow conditions. Values correspond to averages of five replicates r one 
standard deviation. 
A3-2 
Figure A3.2: Biofilm respiration rates normalized to dissolved organic carbon (DOC) 
concentration along a nutrient gradient in the Ozark streams ± Cecil Creek (CC), 
Mill Creek (MC), Spavinaw Creek (SC), and Columbia Hollow (CH). Values 
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correspond to averages of three replicates r one standard deviation. 
Figure A4.1: Experimental set-up of the mesocosm experiments described in detail 
in the method section in chapter 4. Clear (light) and opaque (dark) 12 L 
polycarbonate enclosures, equipped with peristaltic pumps to maintain stream water 
circulation, were filled with stream water substrate (6 ± 7 rocks each) randomly 
collected from the stream at each study site. Eight liters of unfiltered stream water, 
initially spiked with 13C-labeled bicarbonate as a tracer for autochthonous carbon 
generated during the experiments, were added to the mesocosms. 
A4-1 
Figure A4.2: Hourly dissolved oxygen (DO) in light (L1, L2, L3) and dark (D1, D2, 
D3) mesocosms at Virginia River upstream (left) and downstream (right) in fall 2009.  
A4-3 
Figure A4.3: Average change in dissolved oxygen (DO) in light and dark 
mesocosms at Virginia River upstream (VR-1) and downstream (VR-2), and at 
5HQQLH¶V 5LYHU 55-2). Values correspond to mesocosm averages (n = 3) r one 
standard deviation.  
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Figure A4.4: Primary production as net dissolved organic carbon (DOC) released 
(PPDOC LQ WKH OLJKWPHVRFRVPV / / / DW5HQQLH¶V5LYHU DQG9LUJLQLD5LYHU
downstream. BD: Below detection. 
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Figure A4.5: Stable carbon isotope composition (G13C) of the phospholipid fatty 
acids (PLFA) in initial, light, and dark samples at Virginia River (VR, left) and 
5HQQLH¶V5LYHU55ULJKW9DOXHVFRUUHVSRQGWRDQDO\WLFDODYHUDJHVQ r one 
standard deviation. 
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Thesis introduction and overview: Microbial and photochemical 
cycling of dissolved organic matter in boreal headwater streams 
I.1 The importance of dissolved organic matter in boreal watershed 
biogeochemical cycling  
 Carbon is distributed globally among four reservoirs: the atmosphere, oceans, 
biosphere and lithosphere (Schlesinger, 1991). The two largest active reservoirs are soil 
organic matter (1.4 to 1.5 x 1018 g C) (Post et al., 1982; Eswaran et al., 1993; 
Schlesinger et al., 1995) and terrestrial plant tissue (0.2 to 0.9 x 1018 g C) (Bianchi, 
2011). Freshwater ecosystems receive approximately 1.9 x 1015 g C per year from the 
terrestrial landscape (Cole et al., 2007). A large portion of that amount (0.4 to 0.9 x 1015 
g C yr-1) is transported as both particulate (POC) and dissolved organic carbon (DOC) to 
the oceans (Schlesinger and Melack, 1981; Cole et al., 2007), whereas a relatively small 
portion (0.2 x 1015 g C yr-1) is buried in aquatic sediments, or returned to the atmosphere 
via gas exchange (at least 0.8 x 1015 g C yr-1) (Cole et al., 2007). Twenty to sixty percent 
of the global soil carbon pool (90 to 500 x 1015 g C) is stored in high-latitude 
environments (tundra and taiga regions) including boreal forests and peatlands (Post et 
al., 1982; Gorham, 1991; Aitkenhead and McDowell, 2000; Hobbie et al., 2000; Gower et 
al., 2001). Boreal ecosystems cover approximately 14.5 % of the land surface (Gower et 
al., 2001) and consist of a large number of water bodies including wetlands (i.e. bogs, 
peatlands, swamps, marshes), ponds, lakes, and streams. These boreal freshwater 
ecosystems play an important role in the storage, transformation, and transport of 
terrestrial carbon and can significantly affect regional and global carbon balances. 
 In boreal surface waters, terrestrially derived or allochthonous dissolved organic 
matter (DOM; <0.45 µm) typically represents a major reservoir of carbon and nutrients, 
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providing an important source of energy for biogeochemical cycles in these ecosystems. 
Allochthonous DOM inputs into small streams, rivers, and lakes dominate processes 
such as microbial utilization (Tranvik, 1988) and photochemical mineralization of DOM 
(Bertilsson and Tranvik, 2000), as well as ecosystem metabolism enhanced by 
photochemical transformations of DOM (Wetzel et al., 1995; Harrison and Smith, 2009) 
(Fig. I.1), and contribute to the exchange of CO2 between the aquatic environment and 
the atmosphere (del Giorgio et al., 1997). Understanding the cycling and fate of this key 
carbon reservoir may be particularly important in boreal headwater streams given their 
allochthonous nature. 
Headwater streams are key components of watershed biogeochemical cycling and 
integrate the terrestrial and aquatic processing of elements such as carbon, nitrogen, 
and phosphorus. These low-order (1-3) streams (Vannote et al., 1980) connect upstream 
watersheds and tributaries with downstream rivers and lakes (Freeman et al., 2007; 
Wipfli et al., 2007). Headwater streams often receive the largest direct input of 
allochthonous DOM from wetland and forest soils (Fisher and Likens, 1973; Vannote et 
al., 1980), and provide important habitats for microbial, plant, and animal life (Meyer and 
Wallace, 2001; Meyer et al., 2007). Due to the high active microbial surface area 
(typically occurring as biofilms) relative to water volume (Peterson et al., 2001), 
headwater streams exhibit strong effects on the microbial uptake and transformation of 
carbon and nutrients (Peterson et al., 2001; Mulholland, 2004; Fellows et al., 2006; 
Alexander et al., 2007), and high CO2 efflux (Teodoru et al., 2009). The linkage of 
biogeochemical and hydrological processes in headwater streams regulates the 
quantity, chemical composition, timing, and distances of organic matter transported to 
downstream ecosystems, and affects water quality, microbial metabolism, community 
composition, and food webs downstream (Gomi et al., 2002; Agren et al., 2007; 
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Alexander et al., 2007). Dissolved organic matter composition, concentration, and flux 
are further controlled by watershed characteristics including land cover (Hopkinson et al., 
1998; Quideau et al., 2001), soil properties (Schiff et al., 1997; Quideau et al., 2001), 
precipitation and discharge regime (Wallis et al., 1981; Schiff et al., 1997; Schiff et al., 
1998; Moore et al., 2003; Agren et al., 2007), temperature (Schiff et al., 1997; Leenheer 
and Croue, 2003), pH (Buffam et al., 2007; Keller et al., 2008), and the presence of 
microbial and photochemical degradation processes in both the soil and aquatic 
environments (McDowell and Likens, 1988; Brooks et al., 1999; Koehler et al., 2002; 
Fontaine et al., 2007).  
 Microorganisms play an important role in the biogeochemical cycling of DOM and 
have a major influence on ecosystem function in aquatic ecosystems, particularly 
primary production and metabolism, as well as uptake and transfer of carbon and 
nutrients to higher trophic levels (Kirchman, 1994; Sterner and Hessen, 1994; Wetzel, 
1995; Hall and Meyer, 1998; Kaunzinger and Morin, 1998). However, not all of this 
material is available to the microbial community. The bioavailability of DOM varies with 
its source, biochemical composition, as well as carbon and nutrient concentrations 
(Amon and Benner, 1996; Findlay, 2003), and variations in which have major effects on 
aquatic food webs, trophic state, and nutrient retention or release (Findlay and 
Sinsabaugh, 2003).  
 Microbial cycling of DOM often varies between allochthonous versus 
autochthonous sources. Allochthonous DOM is comprised of low molecular weight 
(LMW) organic compounds (non-humic substrates) including carbohydrates (10 ± 20 % 
of total DOM), amino acids (<2 % of total DOM), and carboxylic acids (3 ± 11 % of total 
DOM) (McDowell and Likens, 1988; Volk et al., 1997; Fischer et al., 2007). These LMW 
substrates are labile and often removed rapidly and preferentially by microorganisms 
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(Kaplan and Bott, 1983). The major portion (>75 % of total DOM) of allochthonous DOM, 
however, is comprised of yellow to black coloured, high molecular weight (HMW) 
compounds including humic and fulvic acids (humic substrates) of vascular plant origin 
(Wallis et al., 1981; Volk et al., 1997; McKnight et al., 2001; Aitkenhead-Peterson et al., 
2003; McKnight et al., 2003). Fulvic acids are rich in aliphatic and carboxyl groups, 
whereas humic acids exhibit a greater proportion of aromatic content, such as lignin-
derived phenols (Burges et al., 1964; Wilson et al., 1987; Gaffney et al., 1996). These 
compounds are often considered as slow turnover substrates (Geller, 1983; Leff and 
Meyer, 1991; Findlay and Sinsabaugh, 1999), but they are fundamental to the energy 
flow and metabolism within aquatic ecosystems (Amon and Benner, 1996; Volk et al., 
1997) due to their susceptibility to photochemical (Hernes and Benner, 2003) and 
microbial degradation processes (Tulonen et al., 1992). In contrast, organic matter 
derived from autochthonous sources, including macrophyte and algal production, 
consists mainly of rapid turnover LMW compounds (Bertilson and Jones, 2003). In 
boreal streams, allochthonous DOM dominates and serves as the major energy source 
for heterotrophic microorganisms, while autochthonous sources are usually minor due to 
reduced light availability and lower photosynthetic activity compared to lower DOM 
systems more typical of temperate regions (Tranvik, 1988, 1989; Jansson et al., 2000; 
Jonsson et al., 2001; Agren et al., 2008).  
The composition and biogeochemical cycling of DOM in aquatic environments can 
further be affected by photochemical transformations of DOM (Bertilsson et al., 1999; 
Tranvik et al., 1999; Obernosterer and Benner, 2004). The chromophoric fraction of 
DOM absorbs light and its spectral and molecular properties can be altered by solar 
radiation (Moran et al., 2000; Osburn et al., 2001; Piccini et al., 2009). Dissolved organic 
matter can be photochemically transformed into LMW compounds, carbon gases such 
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as CO and CO2, and nitrogen- and phosphorus-rich compounds (Francko and Heath, 
1982; Wetzel et al., 1995; Bushaw et al., 1996; Moran and Zepp, 1997; Tranvik et al., 
1999; Obernosterer and Benner, 2004). These photochemically altered substrates may 
increase the biological availability of carbon, nitrogen, and phosphorus, and may 
stimulate its use by microorganisms (Lindell et al., 1995; Bushaw et al., 1996; Moran and 
Zepp, 1997; Gao and Zepp, 1998; Tranvik et al., 1999; Bertilsson and Tranvik, 2000; 
Vähätalo et al., 2003; Piccini et al., 2009). This may be particularly important in boreal 
environments, where most of the DOM is allochthonous, characterized by a high 
concentration of chromophoric compounds, and thus known to be highly photoreactive 
(Sulzberger and Durisch-Kaiser, 2009). Investigating the variation in DOM photolability, 
or its relative susceptibility to be photomineralized, from headwaters to large 
downstream reaches of a watershed will provide information about this important feature 
of DOM composition and the potential variation in the role of photochemical processes in 
downstream ecosystems.  
Headwater streams are the most vulnerable to small-scale differences (Meyer et 
al., 2007) and represent the first locations in watersheds that are affected by landscape 
changes (Peterson et al., 2001; Richardson et al., 2005; Alexander et al., 2007; 
Freeman et al., 2007; Arango and Tank, 2008). Describing the factors that may regulate 
the biogeochemical processing of elements including carbon, nitrogen, and phosphorus 
in headwater streams across the boreal landscape is therefore critical for determining 
how these watersheds will respond and adapt to environmental change. 
Environmental change such as shifts in climate, hydrology, and vegetation as well 
as the influence of anthropogenic activities such as urbanization, agriculture, and 
forestry practices, have major effects on the biogeochemical cycling of carbon and 
nutrients in boreal ecosystems (Pastor and Post, 1988; Vitousek et al., 1997; Schindler 
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et al., 2004; Kortelainen et al., 2006a; Zepp et al., 2011; Olefeldt and Roulet, 2012). 
More specifically, shifts in organic matter composition and variability in the amount of 
organic matter produced and exported from terrestrial sources into aquatic ecosystems 
are likely to be consequences of changes in temperature and in the frequency and 
intensity of precipitation (Pastor and Post, 1988; Clair and Ehrman, 1996; Peterson et 
al., 2002; Schindler et al., 2004; Tranvik et al., 2009). Wetlands (i.e. peatlands), in 
particular, are extremely sensitive to environmental change. Due to the storage of 
significant amounts of soil carbon (Post et al., 1982; Gorham, 1991), the production and 
transport of organic carbon (Moore et al., 1998), and the formation and atmospheric 
exchange of greenhouse gases such as CO2 and CH4 (Bridgham et al., 1995; Moore et 
al., 1998), wetlands represent important components of boreal ecosystems and the 
global carbon cycle. Changes in climate and hydrology, increases in atmospheric CO2 
levels, as well as alterations of vegetation and soil organic matter can largely affect 
ecosystem production and biogeochemical cycling in these landscapes. For example, 
variations in the quantity and quality of accumulated plant biomass, altered carbon and 
nutrient regimes, and, consequently, microbial activity can affect ecosystem diversity and 
function (Gorham, 1991; Bridgham et al., 1995; Moore et al., 1998). Since wetlands are 
important suppliers of organic matter to streams (Hemond, 1990), these climate-induced 
changes may influence organic matter export to downstream water bodies and modify 
stream DOM and nutrient fluxes (Moore et al., 1998; Dinsmore et al., 2010; Olefeldt and 
Roulet, 2012). Further, the role of boreal watersheds as sinks or sources of CO2 to the 
atmosphere will likely be modified by changes in hydrology, DOM quantity and 
composition (Sobek et al., 2003; Algesten et al., 2004; Kortelainen et al., 2006b; 
Teodoru et al., 2009).  
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Figure I.1: Factors regulating the cycling of dissolved organic matter (DOM) in aquatic 
ecosystems. DOM represents a key global energy and nutrient source and carbon reservoir that 
integrates terrestrial and aquatic biogeochemical cycling. Allochthonous DOM is derived from 
soils, plant litter, and animal detritus, and enters aquatic ecosystems from the surrounding 
terrestrial environment mainly via hydrological processes. DOM input also originates from 
autochthonous sources including macrophyte and algal production. In boreal watersheds, the 
contribution of DOM from terrestrial sources is large compared to the amount produced within the 
aquatic ecosystem, and varies in its composition. Differences in the composition and role of DOM 
affect the photochemical lability and reactivity of DOM, as well as microbial processes including 
the degradation of DOM and nutrient cycling and transport. 
I.2 The role of stream biofilm communities in aquatic carbon and nutrient cycling  
Microorganisms play an important role in the carbon and nutrient dynamics in 
stream ecosystems (Fig. I.2), and influence biogeochemical processes such as organic 
matter decomposition and nitrogen fixation (Judd et al., 2006). Most naturally occurring 
microorganisms in streams appear as heterogenic biofilms attached to surfaces such as 
rocks and macrophytes. In addition to a variety of heterotrophic bacteria and algal 
species, biofilms consist of fungi, protozoa, and Archaea embedded in a thin mucilage 
layer. All these microorganisms excrete extracellular polymeric substances such as 
polysaccharides, proteins, lipids, and nucleic acids, and form a gel-like matrix enriched 
with dissolved nutrients (Fischer, 2003; Battin et al., 2008). The microbial community 
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composition in these biofilms, as well as microbial growth and activity is regulated by a 
variety of  factors including temperature (Bertilsson et al., 1999; Tank et al., 2010), light 
availability (Romani and Sabater, 1999), the presence of grazers (Sabater et al., 2002), 
source and composition of DOM (Kaplan and Bott, 1983, 1989; Judd et al., 2006; 
Fellman et al., 2009), its bioavailability (Benner, 2003), and inorganic nutrients (Rier and 
Stevenson, 2002; Tank and Dodds, 2003). These factors and their influence on organic 
matter cycling can vary both seasonally (Roberts et al., 2007; Fellman et al., 2009; 
Hoellein et al., 2009; Hoellein et al., 2010) and spatially (Hoellein et al., 2007). 
 
Figure I.2: Biological cycling of dissolved organic matter (DOM) in aquatic ecosystems and 
relationship between autotrophic and heterotrophic microorganisms and higher trophic levels. 
DOM, originating either from terrestrial sources such as leachates from plant litter and soils, or 
from autochthonous sources including photosynthesis by algae, phytoplankton, and macrophytes, 
are consumed and decomposed by heterotrophic bacteria and fungi, and transferred to higher 
trophic levels, therefore serving as the dominant carbon and energy source within aquatic 
ecosystems. During the consumption of algae, phytoplankton, and bacteria by zooplankton, 
considerable amounts of carbon and nutrients are released into the water column in a process 
NQRZQDV³VORSS\IHHGLQJ´ZKLFK has a positive effect on microorganisms and small grazers. The 
breakdown of large particles allows soluble organic substances to dissolve out of the compact 
matrix which may become available as food source. 
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Biofilm communities in headwater streams constitute a major part of the stream 
ecosystem and participate largely in stream primary production, nutrient cycling, and 
energy flow to higher trophic levels (Peterson et al., 2001; Hoellein et al., 2010). 
Specifically, heterotrophic bacteria in biofilms play an important role in aquatic carbon 
and nutrient cycling through the uptake of organic matter from the water column, and its 
storage and transformation (Battin et al., 1999; Fischer, 2003; Romani et al., 2004). High 
molecular weight organic matter enters the biofilms by diffusion, both as allochthonous 
and autochthonous DOM, where it is cleaved by extracellular enzymes, enabling the 
uptake and utilization of the DOM molecules (Fischer, 2003). This allows bacteria in 
biofilms to have a significant impact on the composition and quantity of DOM in natural 
waters since they also retain considerable amounts of DOM (Battin et al., 1999). 
However, aquatic carbon and nutrient cycling is not solely connected to biofilms through 
the uptake of DOM by bacteria. It also occurs within the biofilms as algae exude 
additional internal DOM (Fischer, 2003). The utilization of algal material by 
microorganisms is influenced by the proximity of algae and the heterotrophic community 
in biofilms, as the photosynthetic activity of algae and the accumulation of algal products 
increases the amount of substrates available to bacteria (Cole et al., 1982; Kaplan and 
Bott, 1989; Romani et al., 2004). This stimulates bacterial productivity and, at the same 
time, most of the inorganic carbon requirements of algae can be provided by bacterial 
respiration (Espeland and Wetzel, 2001).  
Due to their role as primary drivers of carbon and nutrient cycling in headwater 
streams, biofilm communities are critical to our understanding of ecosystem processes 
and environmental change in boreal landscapes, and must be better understood in order 
to elucidate carbon and nutrient dynamics. This is particularly true in boreal headwater 
streams, given the elevated allochthonous DOM and potential for environmental change 
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in these landscapes. Investigating the effects of changes in carbon and nutrient 
concentrations on the biogeochemical cycling of organic matter and carbon flow 
between the autotrophic and heterotrophic groups of headwater stream microbial biofilm 
communities is critical for predicting the impact of environmental change on watershed 
carbon and nutrient cycling including transport to downstream water bodies. 
Modified carbon and nutrient concentrations, e.g. as a result of anthropogenic 
activities or changes in land cover due to climate change, can alter substrate sources 
and availability for biofilm communities and subsequently affect the biogeochemical 
cycling of DOM and downstream transport (Bernhardt and Likens, 2002; Ziegler and 
Brisco, 2004). Such changes can break the link between heterotrophic and autotrophic 
communities and affect processes such as respiration, as well as DOC and nutrient 
release and retention (Bernhardt and Likens, 2002; Scott et al., 2008; Lyon and Ziegler, 
2009; Ziegler and Lyon, 2010). Specifically, elevated nutrient concentrations can 
increase biofilm biomass and chlorophyll content, and may affect the release of labile, 
autochthonous DOM (Guasch et al., 1995; Dodds et al., 2002). Increased availability of 
labile carbon sources, such as algal exudates, may stimulate the mineralization of more 
complex allochthonous stream DOM (Guenet et al., 2010) ± a process analogous to 
³SULPLQJHIIHFWV´REVHUYHGLQWKHUKL]RVSKHUH, where the microbial decomposition of soil 
RUJDQLF PDWWHU LV ³QDWXUDOO\´ VWLPXODWHG E\ SKRWRV\QWKHWLF SURGXFWV (Kuzyakov and 
Cheng, 2001; Kuzyakov et al., 2001). The causes, mechanisms, and presence of 
priming effects in aquatic ecosystems remain poorly understood but may be particularly 
important in boreal streams under nutrient enrichment conditions given their 
allochthonous nature. Such priming effects may contribute to CO2 emissions from 
allochthonous organic matter in aquatic ecosystems (Guenet et al., 2010; Bianchi, 
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2011), further highlighting the importance of investigating the impact of altered carbon 
and nutrient regimes on the microbial cycling of organic matter in these ecosystems.   
If concentrations of labile allochthonous DOM are high, thus providing an 
alternative carbon source for heterotrophic communities, bacterial growth and nutrient 
uptake may become decoupled from algal production (Findlay et al., 1991; Bernhardt 
and Likens, 2002). In fact, allochthonous DOM may become bioavailable for 
microorganisms given its susceptibility to photochemical degradation (Koehler et al., 
2012). Increased loadings of allochthonous organic matter, however, can also decrease 
light availability for photosynthetic microorganisms and may lead to lower productivity 
and decreased uptake of CO2 (Ask et al., 2012). Furthermore, increased carbon and 
inorganic nutrient contributions can result in enhanced microbial metabolism and the 
release of organic nutrients (Findlay and Sinsabaugh, 2003), which may consequently 
lead to stoichiometric imbalances of nutrient ratios (C:N:P) between microorganisms and 
their energy source (Frost et al., 2002; Cross et al., 2005; Frost et al., 2005). This 
influences not only microbial growth and reproduction, but also higher organisms in the 
food web, such as benthic grazers, that depend on microorganisms as their food source, 
affecting the diversity, abundance, and distribution of invertebrates and leading to 
altered food web structure and function (Gulis and Suberkropp, 2003; Hessen et al., 
2004; Frost et al., 2005). Enhanced microbial activity in headwater streams may also 
influence downstream nutrient transport (Findlay and Sinsabaugh, 2003) and can alter 
the resilience and biological stability of the system (Wetzel, 2001). For example, higher 
rates of biofilm metabolism as a consequence of elevated labile carbon and nutrient 
concentrations can lead to greater rates of nutrient uptake, which may decrease the 
downstream nutrient transport (Bernhardt and Likens, 2002; Fellows et al., 2006). 
Conversely, increased levels of nutrients can also prevent or lower the insufficient supply 
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of nutrients in biofilms and may lead to reduced nutrient-specific uptake rates and 
increased export of nutrients to downstream ecosystems (Dodds et al., 2004). 
I.3 Research focus 
This dissertation is focussed on the impact of environmental change on 
photochemical and microbial processes, two of the main drivers of aquatic carbon and 
nutrient cycling in boreal watersheds. This research has resulted in four chapters 
entitled:  
1) Variation in the photochemical lability of dissolved organic matter in a large boreal 
watershed. 
2) Mineralization of dissolved organic matter by heterotrophic stream biofilm 
communities in a large boreal catchment.  
3) The impact of nutrient enrichment on dissolved organic carbon mineralization by 
stream biofilms.  
4) Carbon cycling and autotrophic-heterotrophic linkages within boreal stream biofilm 
communities. 
The first chapter of this dissertation describes the potential for photochemical 
transformations in regulating the fate and cycling of DOM in boreal watersheds. In this 
work, I have specifically looked at whether DOM photochemical lability and the isotopic 
composition (G13C) of photomineralized DOM varied with season, reach within headwater 
streams, and among headwater streams, and a large river reach in the Humber River 
Basin, western Newfoundland, Canada. The purpose of these investigations was to 
assess whether the photochemically labile fraction of DOM represents a significant 
proportion of DOM in terms of carbon, nitrogen, and phosphorus in a boreal watershed, 
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and whether photochemical transformations may represent a process responsible for 
losses of DOM as CO2 in this watershed.  
The research addressed in the second and third chapter of this dissertation 
provides information on how the mineralization of DOM by boreal stream biofilms may be 
regulated by watershed organic matter source and composition, and increased labile 
carbon, nitrogen, and phosphorus availability. Stream biofilm respiration and substrate 
addition experiments were conducted at contrasting sites in the Humber River Basin, 
chosen to provide a range in catchment composition including vegetation but in the 
absence of significant human influences and associated nutrient enrichment. 
Additionally, the same experiments were conducted in nutrient-impacted streams on the 
Northeast Avalon Peninsula, Newfoundland, Canada, to gain a better understanding of 
the impact of long-term nutrient enrichment on heterotrophic microbial mineralization of 
DOM in boreal headwater streams. 
The research addressed in the fourth chapter contributes to our understanding of 
carbon cycling in boreal headwater streams by investigating the importance of 
autotrophic-heterotrophic linkages in nutrient-impacted urban streams on the Northeast 
Avalon Peninsula. I specifically addressed whether (a) algal carbon sources are 
important to supporting epilithic biofilms in nutrient-enriched boreal streams, and whether 
(b) algal or labile carbon sources may influence the use of allochthonous DOM. These 
are important factors to test given that terrestrial DOM sources typically dominate boreal 
headwater streams except under nutrient enrichment conditions when autochthonous 
DOM sources may have the potential to stimulate terrestrial DOM use by stream biofilm 
communities and thereby increase losses of this carbon reservoir to the atmosphere via 
increased respiration. 
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The research addressed in this dissertation will contribute to the understanding of 
the fate of terrestrial carbon in the boreal landscape and help provide information 
relevant to the prediction of how the cycling of carbon and nutrients may change in the 
future. Results from this research will form a baseline understanding relevant to key 
issues connected with regional land-use planning, economic development and 
sustainability in boreal watersheds like the Humber River Basin and implications for 
climate change in boreal environments around the world.  
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Abstract 
Boreal watersheds contain a vast quantity of terrestrially derived dissolved organic 
matter (DOM) originating from wetland and forest soils, yet variation in the potential for 
photochemical transformation of boreal aquatic DOM sources remains poorly 
understood. Laboratory solar radiation exposure experiments were conducted on DOM 
samples collected in three seasons, across nine sites, representing contrasting 
catchment composition and watershed position to assess variation in the photochemical 
lability of boreal DOM source and stable carbon isotopic signature (G13C) of 
photomineralized DOM. Dissolved organic carbon (DOC) loss rates during laboratory 
exposure were lowest in summer, suggesting that DOM may have been more photo-
degraded during summer. DOM from upstream portions of forested stream sites and 
wetland-influenced sites was more photolabile relative to downstream portions and the 
river DOM, suggesting potential losses in photolabile DOM downstream and in the lower 
reaches of the watershed. Increased a254:a350 and spectral slope following sample 
exposure suggest photoproduction of low molecular weight (LMW) CDOM and/or a 
higher photoreactivity of high molecular weight versus LMW compounds. 
Photomineralization of nitrogen was regulated by organic nitrogen concentration and 
resulted in NH4+-photoproduction rates between 0.01 to 0.3 µM N hr-1 and ecologically 
significant increases in NH4+ for these waters. The G13C of the photomineralized DOM 
was positively correlated to initial DOC concentration and generally lower when intitial 
DOC concentrations were lower, suggesting variation in photomineralized DOM G13C 
may be a result of kinetic isotope fractionation. Results from this study demonstrate 
significant variation in the photochemical lability of boreal watershed sources of DOM. 
Such variation suggests landscape and environmental change has the potential to alter 
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the biogeochemical role photochemical transformations play in downstream portions of 
boreal watersheds. 
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1.1 Introduction  
Dissolved organic matter (DOM) represents a key global energy and carbon 
reservoir (Hedges, 1992) that often integrates terrestrial and aquatic biogeochemical 
cycling (Cole et al., 2007), and is potentially sensitive to environmental change such as 
climate (Zepp et al., 2011) and land use (Findlay et al., 2001). Boreal watersheds 
contain a vast reservoir of terrestrially derived DOM originating from wetland and forest 
soils, which is transported through the aquatic network where it can be biogeochemically 
transformed via processes including photochemical transformation, particularly in 
downstream open waters of ponds and lakes. Terrestrially derived DOM in aquatic 
ecosystems consists mainly of high molecular weight (HMW) compounds, primarily in 
the form of fulvic and humic acids (Aitkenhead-Peterson et al., 2003) that are often 
considered relatively resistant to biodegradation (Findlay and Sinsabaugh, 1999). 
Typically measured as dissolved organic carbon (DOC), DOM concentrations in boreal 
streams and rivers are related to land cover, precipitation and discharge regime, acidity, 
soil type, and decomposition of organic matter in soil horizons (Schiff et al., 1997; Schiff 
et al., 1998; Moore et al., 2003; Buffam et al., 2007; Keller et al., 2008). Further, 
watershed location or composition can affect DOM composition and its biogeochemical 
processing. Headwater streams, in particular, often receive the largest direct input of 
terrestrially derived DOM (Fisher and Likens, 1973) and are also considered key 
locations for watershed biogeochemical cycling due to high active microbial surface area 
relative to water volume (Peterson et al., 2001). Consequently, headwater streams 
exhibit extensive microbial nutrient uptake (Peterson et al., 2001; Fellows et al., 2006), 
and high CO2 efflux (Teodoru et al., 2009). This and the fact that headwater streams 
represent the first locations in watersheds that are affected by landscape changes 
(Peterson et al., 2001; Richardson et al., 2005; Alexander et al., 2007; Freeman et al., 
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2007; Arango and Tank, 2008), signifies the importance of understanding factors 
regulating the chemical composition of stream DOM, including its photolability or 
photoreactivity, as such attributes can critically impact downstream water bodies 
(Koehler et al., 2002; Wipfli et al., 2007). 
Variations in the discharge, storage, and transport of DOM are predicted with 
climate change (Clair and Ehrman, 1996; Schindler et al., 1997; Pastor et al., 2003; 
Freeman et al., 2004). The factors regulating DOM processing are critical for determining 
the result of environmental change, particularly in boreal watersheds, yet they remain 
poorly understood. Variations in stream DOM associated with changes in hydrology, 
vegetation, and soil temperature due to climate change may significantly affect carbon 
budgets and ecosystem processes including biogeochemical cycling and the release of 
CO2 to the atmosphere at the watershed scale (Molot and Dillon, 1996; Clair et al., 2002; 
Algesten et al., 2004; Rantakari and Kortelainen, 2005; Sobek et al., 2005; Sobek et al., 
2007). Hence, recent findings of high CO2 efflux from headwater streams (Teodoru et al., 
2009) and changing climate suggest a need to understand how DOM in boreal 
headwater streams varies. It is crucial to consider the factors regulating the fate and 
cycling of DOM as it is transported through the aquatic network, because it may be a 
major source of this CO2.  
Variation in the photochemical lability of DOM is one important attribute that may 
regulate the cycling and fate of this key carbon reservoir, particularly in the boreal 
environment. Due to the depletion of stratospheric ozone and the potential for increased 
WUDQVPLVVLRQRIVRODUXOWUDYLROHW 89 UDGLDWLRQDW WKH(DUWK¶VVXUIDFH (Madronich et al., 
1998), there have been tremendous strides in our understanding of the role of 
photochemical transformation of DOM and its implications for microbial cycling of DOM 
in freshwater ecosystems (Bertilsson et al., 1999; Tranvik et al., 1999; Obernosterer and 
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Benner, 2004). Many studies suggest an increase in biological availability of carbon, 
nitrogen, and phosphorus due to photomineralization and phototransformation of DOM 
(Bushaw et al., 1996; Moran and Zepp, 1997; Gao and Zepp, 1998; Tranvik et al., 1999), 
which may stimulate its use by microorganisms. However, the photoreactivity of DOM 
and its ecological impact varies with its source and composition (Brisco and Ziegler, 
2004; Sulzberger and Durisch-Kaiser, 2009). It has been established that terrigenous 
(allochthonous) DOM with its high aromatic carbon content (e.g. lignin phenols) has a 
greater photoreactivity than internally produced (autochthonous), carbohydrate-rich 
DOM. Furthermore, terrestrially derived DOM bioavailability may be enhanced by 
photochemically-induced transformations into low molecular weight (LMW) compounds 
(Tranvik et al., 1999; Obernosterer and Benner, 2004; Sulzberger and Durisch-Kaiser, 
2009).  
Studies investigating the photochemical transformation of DOM in the boreal aquatic 
environment have typically focused on lakes (Tranvik et al., 1999; Bertilsson and 
Tranvik, 2000; Vähätalo et al., 2003) or rivers (Soumis et al., 2007). Variations in the 
photolability of DOM among contrasting watershed locations, e.g. headwater streams 
versus large lakes or main river reaches, would enable predictions regarding the delivery 
of photoreactive DOM to these downstream ecosystems. Such investigations, however, 
have been addressed to a much lesser extent. Investigating the variation in DOM 
photolability, or its relative susceptibility to be photomineralized or photobleached, from 
headwaters to large downstream reaches of a watershed will provide information about 
this important feature of DOM composition and the potential variation in the role of 
photochemical processes in downstream ecosystems. This is particularly important for 
boreal environments, where most of the DOM is terrestrially derived, characterized by a 
high concentration of colored, humic substances, and thus known to be highly 
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photoreactive. Furthermore, testing the effects of photochemical degradation on the 
chemical structure and optical properties of DOM, e.g. whether photochemical 
degradation proceeds to the complete photomineralization and production of CO2 and/or 
CO, or whether it results in the formation of LMW compounds and potentially stimulates 
the microbial mineralization of DOM, will contribute to the understanding of the role of 
phototransformations in these watersheds. 
In addition to changes in DOM chemical structure, photochemical transformations 
can alter the stable carbon isotopic signature (G13C) of natural DOM in freshwaters 
(Opsahl and Zepp, 2001; Osburn et al., 2001; Vähätalo and Wetzel, 2008; Spencer et 
al., 2009). Investigating the G13C of the photomineralized DOM can provide information 
about the molecular components of the photolabile portions of DOM. It has been shown 
that lignin phenols, important components of terrestrially derived DOM, are highly 
susceptible to photodegradation (Opsahl and Benner, 1998; Benner and Kaiser, 2011), 
and can be used as a tracer to examine sources and the fate of terrigenous DOM in the 
aquatic environment (Hedges et al., 1988; Moran et al., 1991; Hedges et al., 1997; 
Spencer et al., 2009). Little consideration has been given to the potential fractionation 
associated with the photooxidation of DOM which can preferentially remove lignin, 
leaving a residual DOM pool enriched in carbohydrates and enriched in 13C (Opsahl and 
Benner, 1998; Opsahl and Zepp, 2001). Assessment of the isotopic composition of 
photomineralized DOM from different sources is needed to decipher whether the isotopic 
fractionation is dependent on DOM chemical composition, and to what degree 
photomineralization may impact the G13C of DOM. The large terrigenous component of 
boreal DOM and previous studies indicating its high photoreactivity (Opsahl and Benner, 
1998; Sulzberger and Durisch-Kaiser, 2009; Benner and Kaiser, 2011) suggest the 
stable isotopic composition may be greatly impacted by photochemical transformations. 
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Furthermore, changes in G13C induced by photochemical transformations may be used to 
determine whether the photolabile DOM is derived from similar chemical components in 
boreal watersheds. 
The main objective of this study was to assess the variation in the photochemical 
lability of DOM, defined as the susceptibility of DOM to photomineralization and 
photobleaching, and the stable carbon isotopic signature (G13C) of photomineralized 
DOM within a large boreal watershed. Controlled laboratory solar radiation exposure 
experiments were conducted on DOM samples collected in three seasons, across nine 
sites representing contrasting catchment composition and watershed position within the 
Humber River watershed, western Newfoundland, Canada. This study addressed 
whether DOM photochemical lability and the isotopic composition of photomineralized 
DOM varied with season, reaches within headwater streams and among headwater 
streams, and a large river reach. Further, these investigations enabled us to assess 
whether the photochemically labile fraction of DOM represents a significant proportion of 
DOM in terms of carbon, nitrogen, and phosphorus in a boreal watershed.  
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1.2 Methods 
1.2.1 Study sites and sample collection  
 All samples were collected from within the Humber River watershed located in 
western Newfoundland, Canada, which comprises an area of 6200 km2 (Fig. 1.1 a, b). 
This large boreal watershed provides sites that vary in watershed organic matter source 
(catchment vegetation) and headwater position (headwaters, lake) in the absence of 
significant human influences, allowing us to assess the variation in boreal DOM 
photolability among sites. Photochemical experiments were conducted on DOM samples 
collected from nine study sites. These sites include headwater streams chosen from a 
database of over 400 first to third order catchments delineated and sorted based upon 
their catchment vegetation composition to capture end member sites in terms of potential 
DOM source. Sites selected included: (1) a wetland-dominated catchment, (2) 
headwater streams draining primarily coniferous forest but with some variation in 
wetland coverage, and (3) the inlet and outlet of a large lake located in the lower reach 
of the Humber River itself.  
 Samples from the wetland-dominated catchment (23.5 km2) were collected from a 
Sphagnum peatland bog (BOG; Fig. 1.1 c), an upstream site (Bog Feeder) immediately 
draining the bog (BF-1), and a downstream site (BF-2, 1 km from BF-1) situated in a 
forested reach of the same Bog Feeder (Fig. 1.1 c). Additionally, samples were taken 
from a third-order stream (Big Falls Brook; BFB) within a watershed adjacent to the bog, 
BF-1 and BF-2 sites (Fig. 1.1 c). Samples were collected from an upstream site (BFB-1), 
located in a primarily forested section with approximately 80 % forest cover, and a 
downstream site (BFB-2) with 20 % wetland cover located 12 km downstream from BFB-
1. This downstream site represents relatively high wetland coverage for small, 
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accessible catchments in the Humber River watershed, where the maximum wetland 
coverage for first through third-order streams is 75 %, but where only 33 out of 416 
stream catchments exhibit a wetland coverage greater than 25 % (mean coverage of 
these 33 = 36 ± 11 %).  
 To assess coniferous forest catchments, samples were collected from upstream 
(HB-1) and downstream (HB-2; 3 km from HB-1) localities of Hughes Brook (Fig. 1.1 d), 
which drains a watershed (113.3 km2) dominated by coniferous forest (80 ± 90 %) and 
less than 5 % wetland cover. Lastly, samples were taken from the inlet (DL-1) and outlet 
(DL-2) of Deer Lake, which is located at the downstream portion of the Humber River 
(Fig. 1.1 b). 
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Figure 1.1: The delineation of the Humber River watershed both (a) as situated in western 
Newfoundland, Canada, and (b) shown in a larger scale to the right to illustrate the study sites in 
the watersheds of Big Falls Brook (BFB; c), Bog Feeder (BF; c), and Hughes Brook (HB; d). A 
minimum of two study sites, representing upstream (1) and downstream (2) or lake inlet (DL-1) 
and outlet (DL-2), respectively, were chosen for each catchment. This map was generated using 
ArcGIS. 
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1.2.2 Photochemical experiments  
The primary goal of this study was to assess how photolability of DOM delivered 
from different headwater streams varied among different catchments and relative to 
downstream river reaches rather than to predict phototransformation rates in situ. 
Therefore, net changes following the exposure at one time point was used to estimate 
photochemical lability among contrasting study sites. The net change in DOM 
compositional characteristics was measured to assess the photochemical lability among 
the samples, particularly as an estimate of DOC and absorption loss, dissolved inorganic 
carbon (DIC) and nutrient release.  
Dissolved organic matter samples were taken during three seasons (spring, 
summer, and fall) from each of the locations described. Samples were collected in 20 L 
acid-cleaned carboys and filtered using polycarbonate Nucleopore cartridge filters (0.2 
µm pore size; Graver Technologies, Glasgow, DE, USA). The filtered water was 
distributed from a single large sample into acid-rinsed 500 mL high-density polyethylene 
(HDPE) bottles (Nalge Nunc International, Rochester, NY, USA). Because of the remote 
site locations and extent of time between exposure experiments, samples were frozen 
prior to transport back to the laboratory where photochemical exposure experiments 
were performed. This enabled us to compare samples across the watershed captured at 
the same time and avoid microbial degradation that would occur to differing extents 
given the different hold times required between experiments. Freezing water samples 
can, however, reduce DOC concentrations (Fellman et al., 2008) and potentially alter the 
initial composition of the DOM. However, we felt it most important to capture the DOM 
composition as close in time with collection and avoid microbial degradation. We, 
therefore, traded one alteration factor (microbial degradation) for another (freezing). To 
address this issue, we tested the effect of freezing on DOC concentrations in samples 
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collected at one study site within each location (Bog, DL, HB, and BFB) in summer. 
Furthermore, freezing and subsequent thawing of water samples has been found to 
greatly reduce absorption of DOM (Fellman et al., 2008); therefore we tested the effect 
of freezing on specific UV absorption (SUVA) in samples collected at each site along 
BFB, HB, and DL in fall, as well as BF in summer.  
In preparation for photochemical experiments, water samples were completely 
defrosted while mixing on a shaker table (KS 501 digital, IKA-WERKE, Staufen, 
Germany). Once at room temperature, the samples were combined in a clean, pre-
combusted glass flask and used to fill 300 mL quartz (5 replicates) and biological oxygen 
demand (BOD; 5 replicates) bottles without headspace. Quartz bottles were sealed with 
a gas-tight Teflon stopper, placed in a water bath within a solar simulator (Suntest XLS+, 
Material Testing Technology GmbH, Linsengericht, Germany) and connected to a 
waterchiller (NesLab, Thermo Scientific, Waltham, MA, USA) to maintain a temperature 
between 16 and Û&over the incubation period. The solar simulator was used with a 
high-pressure xenon lamp, with an irradiance of 765 W/m2, and a special coated quartz 
UV filter generating a wavelength range of 300 to 800 nm. The spectrum of the light 
emitted through this filter closely matches that of natural surface solar radiation. Water 
samples were incubated in the solar simulator for 10 hours at 765 W/m2. These 
conditions reflect a typical total radiation dose that approximates an amount that a 
surface water sample may experience during a several days transport in the watershed 
during summer. The filled BOD bottles were used to establish both initial and dark (foil 
covered) conditions. Dark controls were incubated in a sealed ice chest connected in line 
to the same water chiller system as the light-treated samples to maintain the same 
temperature as light samples over the same incubation period. 
 
Chapter 1 Page 14 of 52 
1.2.3 Analytical methods  
Field measurements of dissolved oxygen (DO), conductivity, pH, and temperature 
were taken on site with an YSI 550A handheld DO instrument (YSI Incorporated, Yellow 
Springs, OH, USA), an ORION 122 conductivity meter (Orion Research Inc., Beverly, 
MA, USA), and an YSI 60 pH meter (YSI Incorporated, Yellow Springs, OH, USA), 
respectively. Laboratory DO measurements for the bottle incubations were conducted 
using an YSI-5100 DO probe (YSI Incorporated, Yellow Springs, OH, USA).  
Samples for DIC and DOC analysis, as well as the stable carbon isotopic 
composition of these carbon pools (G13C-DIC and G13C-DOC), were collected from initial 
and final incubation bottles and dispensed into acid-cleaned, pre-combusted 40 mL 
amber glass vials and spiked with HgCl2 and H3PO4 (HPLC grade), respectively. DIC and 
DOC concentrations and G13C values were determined using an AURORA 1030 TOC 
analyzer (O.I. Analytical, College Station, Texas, USA) coupled to a MAT252 isotope 
ratio mass spectrometer (Finnigan, Bremen, Germany). Values for G13C are reported in 
SHU PLO XQLWV Å UHODWLYH WR WKH LQWHUQDWLRQDO UHIHUHQFH VWDQGDUG Vienna Pee Dee 
Belemnite (R = 0.011237) (Sulzman, 2007). The analytical precision for G13C-DIC and 
G13C-'2& ZDV  DQG  Å UHVSHFWLYHO\ The carbon isotopic composition of 
photomineralized DOM (G13CPM) was calculated from changes observed in DOC 
concentration and G13C values using the following equation:  
  

G13CPM  
([DOC]final u G13Cfinal) ([DOC]initialu G13Cinitial)
[DOC]final  [DOC]initial                           (eq. 1)                                     
 
where [DOC]initial/final is the DOC concentration at the beginning and end of the incubation, 
respectively, and G13Cinitial/final is the initial and final stable carbon isotopic composition of 
the water sample in each individual bottle. This calculation was only made for samples 
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that exhibited significant changes in DOC concentration and G13C of DOC. For the 
samples analyzed in this study, the minimum detectable changes in [DOC] and G13C of 
DOC were 5 ± 12 µM C for [DOC] = 350 ± 500 µM C, 12 ± 27 µM C when [DOC] = 600 ± 
0&DQGÅIRUWKHG13C of DOC.  
Samples from initial and final bottles were collected for soluble reactive phosphorus 
(SRP) and ammonium (NH4+) in 15 mL Falcon tubes and analyzed with a Lachat FIA 
8500 inorganic nutrient analyzer (HACH, Loveland, CO, USA) using the molybdate blue 
colorimetric method (detection limit 0.32 µM P) and phenol-hypochlorite method 
(detection limit 0.59 µM N), respectively. Samples for nitrate (NO3-) analysis were 
collected in 40 mL Falcon tubes and analyzed with a DX-100 ion chromatograph 
(detection limit 0.06 µM N; DIONEX, Sunnyvale, CA, USA). Samples for total dissolved 
nitrogen (TDN) were taken in acid-rinsed 60 mL Nalgene bottles and analyzed using a 
high temperature combustion total organic carbon analyzer (Shimadzu TOC-V) with a 
chemiluminescent NOx detector (TNM-1; Shimadzu, Japan). Dissolved organic nitrogen 
(DON) was estimated by the difference of TDN and inorganic nitrogen (NH4+, NO3-). 
Analytical error for DON was determined from the square root of the sum of squares of 
the standard deviation associated with measurements of TDN, NH4+, and NO3-, and 
ranged from 1 to 10 % for mean concentrations ranging from 6 to 30 µM N in the 
samples analyzed in this study. 
Samples for total dissolved iron (Fe) were taken in 120 mL brown Nalgene bottles, 
spiked with 1 mL nitric acid (HNO3), and analyzed using an inductively coupled plasma 
optical emission spectrometer (detection limit 0.5 mg Fe L-1; Perkin Elmer Optima 5300 
Dual View ICP-OES, Waltham, MA, USA). 
Dissolved organic matter optical characterization data were collected from initial and 
final samples. Absorbance measurements were performed at wavelengths spanning 200 
Chapter 1 Page 16 of 52 
to 800 nm using a UV/VIS scanning spectrometer with a spectral resolution of 1 nm 
(Lambda 25; Perkin Elmer, Waltham, MA, USA) and a 1 cm quartz cuvette, with 
NanoPure-UV water as a blank. The spectrophotometer was zeroed at the upper 
wavelength (800 nm) of the range used for each scan conducted. Absorption coefficients 
aO were calculated as:  
  

aO  2.303 u
AO
L
§
©
¨
·
¹
¸          (eq. 2) 
where A is the absorbance at wavelength O and L is the path length (m) of the cuvette 
(Green and Blough, 1994). Specific UV absorption (L (mmolC)-1 m-1) was also 
determined for initial samples by normalizing a254 and a350 by the DOC concentration, 
providing a measurement of the molar absorptivity, at each of these two wavelengths, for 
each DOM sample (Miller, 1994). Loss in absorption due to photochemical 
transformation was calculated as a percent of the initial absorption at a wavelength of 
350 nm lost following light exposure. Additionally, absorbance spectra were 
characterized using the equation: 
  

aO  aOoe
S(OO 0 )> @                     (eq. 3) 
where   

aOo is the reference wavelength and S is the spectral slope. The spectral slopes 
for two shorter wavelength intervals 275 to 295 nm (S275-295) and 350 to 400 nm (S350-400) 
were calculated using linear regression on log-transformed data (Helms et al., 2008). 
Similar to results reported across a variety of sample types reported in Helms et al. 
(2008), we found that S using these two wavelength ranges exhibited the greatest 
variation in our samples. Further, broader wavelength intervals are typically not sensitive 
enough to identify shifts associated with the molecular weight of colored dissolved 
organic matter (CDOM). The ranges chosen here also provide a means to compare with 
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other studies since these ranges have more recently become common due to the 
attributes listed above (Brown, 1977; Sarpal et al., 1995; Twardowski et al., 2004; Helms 
et al., 2008).   
To further assess photoreactivity and detect photochemically-induced changes in 
these experiments, photobleaching, defined as the average decrease in absorption 
coefficients over the 280 to 550 nm wavelength range ('aavg), was calculated for each 
exposure experiment using the following equation (Osburn et al., 2009):  
  

'aavg  
a(O)initial
O 280
550
¦  a(O)final
270
                    (eq. 4) 
where a(Oinitial and a(Ofinal are the absorption coefficients for the initial and final light 
exposed samples with a(Oinitial having been corrected using the dark control values.  
 
1.2.4 Statistical analyses  
Significance tests (t-tests, assuming equal variances) were conducted between 
initial, control (dark), and final (light) samples with an Dvalue of 0.05 (AnalystSoft Inc., 
StatPlus:mac - Version 2009) to ascertain differences in spectral properties, and DIC, 
DOC and nutrient concentrations. Non-significant changes were considered to be below 
detection (BD). Further, minimum detectable differences (G) for changes in G13C-DOC, 
DIC and DOC concentrations between initial and final samples were calculated based on 
the following equation at the 5 % significance level and 95 % confidence (Zar, 1996): 
 
  

G  s
2
n
(tD 0.05  tD 0.05)                                                                                          (eq. 5) 
where s2 is the pooled variance, and n is the sample size; t values are one-tailed. 
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Dissolved organic carbon loss rates and spectral characteristics were assessed to 
determine how they varied with site, in-stream location (i.e. upstream vs. downstream), 
and season. However, due to a lack of seasonal data, samples from the bog and Bog 
Feeder were not included in these analyses. Generalized linear models (GLM) were 
constructed to test site, in-stream location, and seasonal effects, as well as their 
interactions (model df = 17, data set df = 65, D 0.05; JMP 8.0; SAS, NC, USA). For 
each test conducted, chi square (F2) statistics from the analysis of deviance within the 
GLM framework were used to assess the significance of the effects tested and, where 
appropriate, their interactions. The assumptions of homogeneous and normal errors 
were checked for each GLM by plotting residuals versus fits, and by plotting residuals as 
probability plots (Lindsey, 1997).  
Pearson correlations with an D-level of 0.05 (AnalystSoft Inc., StatPlus:mac - 
Version 2009) were used to test the potential role of DOM composition in regulating the 
photochemical lability measured as DOC loss. The initial DOC concentration, DOC loss 
rates, and G13C-DOC of the photomineralized DOM were all tested, where appropriate, 
against initial DOC, initial DOC:DON ratio, and optical measures (absorption coefficients, 
spectral slopes, absorption ratios a254:a350, and spectral slope ratios), and 
photobleaching measured as 'a254 and 'a350. Likewise, the production of inorganic 
nitrogen as NH4+ and NO3-, and its relationship to initial DON concentration and 
DOC:DON ratio were tested to assess the potential role of organic nitrogen availability in 
regulating the photomineralization of nitrogen.  
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1.3 Results 
1.3.1 Initial water chemistry parameters  
The lowest initial pH measurement was observed at the bog site with a value of 6.0, 
whereas the highest pH values, between 8.2 and 8.9, were measured at the forested 
study sites (Table 1.1). The pH values from the frozen samples used for the light 
exposure experiments were elevated compared to the field measurements typically 
found at the study sites. Dissolved organic carbon concentrations observed in samples 
from wetland-influenced sites varied from 590 to 1320 µM C, and were lowest in spring 
and highest during the summer months (Fig. 1.2), congruent with the impact of dilution 
from spring flushing typical of watersheds with significant wetland coverage (Clair et al., 
1996; Laudon et al., 2004; Buffam et al., 2007). Dissolved organic carbon concentrations 
of samples collected from forested stream sites and the lake were generally lower and 
ranged from 350 to 950 µM C (Fig. 1.2). Highest values were recorded in the fall likely 
due to increased organic matter inputs from flushing of soils during fall rain events typical 
of more forested catchments (Clair et al., 1996; Laudon et al., 2004). Carbon stable 
isotope composition (G13C-DOC) of DOM varied from -28.5 to - Å W\SLFDO IRU
terrestrially derived organic matter in boreal watersheds (Jonsson et al., 2001; 
Schumacher et al., 2006).  
Total dissolved nitrogen concentrations fell within the narrow range of 12 to 18 µM N 
for all study sites and seasons, with BFB-1 in summer being the only exception (32 µM 
N). Ammonium concentrations varied from below detection (<0.6 µM N) to 3.5 µM N, and 
were lowest in water samples from wetland-influenced sites and highest at the 
downstream site of the forested stream and the lake inlet during fall. Nitrate  
concentrations ranged from 0.6 to 1.9 µM N for the wetland-influenced study sites and 
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the lake inlet, and from 3.7 to 8.0 µM N at the forested stream sites and the lake outlet. 
DOC:DON ratios fell within the range (40 to 65) observed in other boreal watershed 
studies (Bertilsson et al., 1999; Kortelainen et al., 2006), except for the forested stream 
sites (HB) that exhibited higher values (up to 100, Table 1.1). Elevated DOC:DON may 
have been a consequence of the forest logging at HB as elevated DOC export rates 
from forest soils have been documented in other forested watersheds (Lamontagne et 
al., 2000; Piirainen et al., 2002). Orthophosphate levels varied from below detection 
(<0.32 µM P) at the wetland-influenced sites to 3 µM P at the river and forested stream 
sites. Total dissolved Fe levels were below detection (<0.5 mg L-1) for all sites and 
seasons. 
DOC normalized absorption coefficients ranged from 84 to 141 L (mmol C)-1 m-1 for 
O254, and from 21 to 41 L (mmol C)-1 m-1 for O350, with the highest absorption coefficients 
observed at the lake inlet and outlet in fall (Table 1.1). These values result from relatively 
optically thick samples with a350 values ranging between 12 and 36 m-1, similar to other 
brown-water studies (Minor et al., 2007). Absorption ratios a254:a350, often serving as 
indicators for the relative presence of LMW versus HMW CDOM (Helms et al., 2008), 
ranged from 3.1 to 4.4, varying seasonally (p < 0.0001, F2 = 169.6) and among sites (p < 
0.0001, F2 = 159.9). Spectral slopes varied from 5.0 to 6.8 µm-1 for O275-295, and from 6.1 
to 8.3 µm-1 for O350-400, and were lower compared to values reported in other studies 
(Helms et al., 2008), likely signifying higher concentrations of CDOM in these boreal 
streams relative to larger river and marine ecosystems. Spectral slope ratios (SR) fell 
within the narrow range of 0.79 to 0.88 similar with other high latitude watersheds 
(Guéguen et al., 2011) and forested streams (Inamdar et al., 2011), except at the bog 
and at BF-1 where SR were between 0.65 and 0.68. Spectral slopes and absorption 
Chapter 1 Page 21 of 52 
ratios were overall highest during summer, indicating the relative presence of LMW 
CDOM and low amounts of humic acids (Whitehead et al., 2000). 
 
1.3.2 Freezing effect on DOC concentrations and spectral characteristics  
Samples with [DOC] greater than 415 µM C and SUVA greater than 42 L (mmol C)-1 
m-1 can be susceptible to losses in each of these parameters upon freezing and thawing 
(Fellman et al., 2008). Although almost all samples in this study exhibited [DOC] > 415 
µM, only one sample in our dataset exhibited both of these criteria. This one sample 
(HB-2 fall) was also the only site that exhibited a loss of DOC (10 %) and a very large 
loss in SUVA upon freezing. With the exception of the samples collected at HB-2, the 
summer samples tested for freezing effects on [DOC] revealed no significant differences 
between samples immediately analyzed (4.7 ± 0.10 to 21.2 ± 0.16 µM C) versus 
analyzed following freezing (4.6 ± 0.11 to 21.6 ± 0.15 µM C). Evidence for a significant 
freezing effect on DOC concentration was therefore not strong for samples collected as 
part of this study. In particular, we did not see a clear trend between [DOC] and loss 
upon freezing since the one sample exhibiting a loss represented a mid-range DOC 
concentration for this study. Freezing of DOM with relatively high [DOC] and SUVA has 
also been demonstrated to result in losses in SUVA as well as other spectral qualities 
(Spencer et al., 2007; Fellman et al., 2008). Reduction in SUVA with sample freezing 
was only detected in HB-2 (55 %) and BF-1 (9 %). None of the remaining study sites, 
where SUVA ranged from 23 ± 0.2 to 39 ± 0.3 L (mmol C)-1 m-1 exhibited significant 
changes in spectral characteristics before and after freezing.
Results of the freezing tests suggest that DOC losses were not likely significant 
outside of the HB-2 study site while reduction in absorption with freezing may have been 
more prevalent. The lack of significant freezing effects in these samples may have been 
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due to the slightly lower SUVA (typically <40 L (mmol C)-1 m-1) and therefore lower 
relative absorption and freezing-sensitive DOM in these samples relative to those that 
have exhibited more susceptibility to freezing losses (Fellman et al., 2008). The tests 
conducted here, however, were not complete in the sense that every sample from the 
study was not directly tested. We must, therefore, interpret the experimental results with 
the understanding that some potential for alteration of DOM with freezing could have 
occurred. Previous investigations of such losses suggest that HMW pools of DOM are 
likely the most susceptible to these losses, and often these are also the most 
photoreactive pools. Therefore, the initial samples used here may have reduced levels of 
photolabile DOM relative to the ambient DOM from the study sites. This may mean that 
losses in DOC due to photomineralization and losses in absorption reported here might 
be underestimates. This is particularly so for the samples from HB-2 collected in 
summer. These points are taken in consideration within the interpretation of the results 
of this study given below.  

1.3.3 Dissolved oxygen and pH changes with light exposure  
Photochemical oxidation of stream, bog, and riverine DOM resulted in decreases in 
DO concentration, except at sites HB-1 and DL-1/2 during spring, where a change in 
[DO] was below detection. Losses in [DO] varied from 35 to 150 µM O2 among study 
sites and seasons. Exposure of stream and riverine DOM to simulated sunlight also 
resulted in pH decreases, with changes ranging from 0.1 to 0.9 among study sites and 
seasons, indicating the formation of acidic photoproducts. Significant pH changes were 
not observed at DL inlet and outlet during summer.  
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Table 1.1: Initial water chemistry parameters including pH values, dissolved organic carbon (DOC) concentrations, 
dissolved organic carbon to organic nitrogen (DOC:DON) ratio, and DOC normalized absorption coefficients at 254 nm 
(a254*) and 350 nm (a350*). Values correspond to averages of 5 replicates ± standard deviation. 
 
Site Season pH  DOC  DOC:DON  a254*  a350* 
    (µM C)    L (mmol C)-1 m-1  L (mmol C)-1 m-1 
                     
Bog Summer 6.0 ± 0.5  951 ± 38  39.6 ± 1.8  121.6 ± 5.5  34.6 ± 2.2 
                     
BF-1 Summer 6.7 ± 0.2  807 ± 21  60.7 ± 2.0  103.2 ± 4.3  34.9 ± 0.9 
                     
BF-2 Summer 7.5 ± 0.1  959 ± 56  52.9 ± 5.2  117.7 ± 4.9  37.5 ± 2.2 
                     
BFB-1 Spring 6.7 ± 0.1  786 ± 8  60.2 ± 5.2  121.1 ± 1.3  30.1 ± 0.3 
BFB-1 Summer 7.3 ± 0.1  1320 ± 13  47.7 ± 0.8  84.4 ± 1.1  20.9 ± 0.4 
BFB-1 Fall 7.0 ± 0.2  891 ± 24  55.3 ± 2.1  94.9 ± 2.6  22.5 ± 0.7 
                     
BFB-2 Spring 7.3 ± 0.1  587 ± 7  46.6 ± 5.4  116.8 ± 1.5  31.9 ± 0.5 
BFB-2 Summer 7.9 ± 0.2  906 ± 26  61.9 ± 2.1  76.7 ± 2.2  17.7 ± 0.6 
BFB-2 Fall 7.7 ± 0.2  729 ± 4  42.2 ± 1.0  95.9 ± 0.5  24.6 ± 0.2 
                     
HB-1 Spring 8.7 ± 0.1  653 ± 13  47.1 ± 2.2  117.6 ± 3.8  34.5 ± 1.0 
HB-1 Summer 8.5 ± 0.3  689 ± 14  79.7 ± 7.9  96.5 ± 2.0  21.8 ± 0.5 
HB-1 Fall 7.6 ± 0.2  950 ± 5  49.3 ± 1.3  123.2 ± 1.0  34.3 ± 0.2 
                     
HB-2 Spring 8.9 ± 0.2  376 ± 5  67.7 ± 2.3  104.6 ± 3.0  30.6 ± 0.7 
HB-2 Summer 8.9 ± 0.2  351 ± 10  49.7 ± 4.9  105.1 ± 3.4  27.9 ± 1.0 
HB-2 Fall 8.2 ± 0.1  634 ± 13  98.7 ± 5.7  120.7 ± 2.6  34.1 ± 0.7 
                     
DL-1 Spring 7.0 ± 0.2  557 ± 5  53.2 ± 2.7  128.7 ± 2.1  38.1 ± 1.3 
DL-1 Summer 7.5 ± 0.1  423 ± 4  36.8 ± 2.3  113.5 ± 2.9  31.4 ± 1.7 
DL-1 Fall 7.0 ± 0.1  642 ± 1  47.8 ± 4.6  139.9 ± 1.1  41.2 ± 0.5 
                     
DL-2 Spring 7.4 ± 0.1  504 ± 19  53.2 ± 13.4  114.1 ± 2.5  31.1 ± 1.0 
DL-2 Summer 7.4 ± 0.1  394 ± 4  65.9 ± 5.4  117.0 ± 2.8  30.2 ± 1.3 
DL-2 Fall 7.1 ± 0.2  431 ± 3  56.0 ± 1.3  141.4 ± 1.0  39.7 ± 0.5 
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1.3.4 Photomineralization of DOM  
Photochemical oxidation of stream, bog, and riverine DOM resulted in DIC 
production and losses of DOC. Total carbon mineralized during the incubation, 
measured as an increase in DIC, varied from below detection to 65 µM C. Values were 
often near the detection limit for the amount of change in DIC, predominantly those 
samples with higher initial DIC concentrations (700 ± 1200 µM C). The minimum 
detectable difference at these sites ranged from 14 to 57 µM C, whereas the minimum 
detectable difference at sites with DIC concentrations between 50 and 400 µM C ranged 
from 5 to 14 µM C.  
Dissolved organic carbon concentrations decreased after light exposure (Fig. 1.2), 
whereas dark treatments did not show a significant difference from initial measurements. 
Values for total carbon mineralized during the incubation, measured as DOC loss, 
ranged from below detection to 150 µM C and were generally higher at stream sites 
compared to the river (site effect: p < 0.0001, F2 = 134.3). Also, DOC losses were lower 
at the downstream location of each study site (in-stream differences among all samples: 
p < 0.0001, F2 = 99.6; in-stream differences by site: p < 0.0001, F2 = 39.2). These 
downstream trends were observed in the headwater streams in all seasons (no seasonal 
influence on upstream-downstream trends, p = 0.29, F2 = 2.5), except the smallest 
stream directly draining the Sphagnum bog (BF) where an increase in DOC loss was 
observed downstream in the sample collected in summer (Fig. 1.3). Further, samples 
collected from wetland-influenced stream sites and at the upstream coniferous site 
exhibited the largest loss in DOC as a result of photomineralization. The trend in 
absolute loss was similar to the trend in relative DOC loss measured as DOC loss 
normalized to the initial DOC concentration. Likewise, the relative loss of DOC was 
generally higher at the stream sites compared to the river (p < 0.0001, F2 = 48.5), with 
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HB-2 being an exception (Fig. 1.2). This one exception may have been a result of the 
loss of photolabile DOM from the initial HB-2 sample prior to the experimental irradiation, 
since this was the one sample that exhibited losses in DOC and SUVA with freezing. 
Also, DOC losses were often lower in samples collected from downstream versus 
upstream sites when considering each season individually (Fig. 1.2; season by site 
effect: p < 0.0001, F2 = 25.7). The highest DOC loss of 9.6 % was observed at BF-2 in 
summer and corresponded to a quantitative loss of 148 r 68 µM C. Lower DOC losses 
were observed in samples collected at the downstream coniferous site, as well as in 
samples taken from the river (DL) in summer and fall (Fig. 1.2). The lowest (measurable) 
DOC loss of 2.8 % at DL-2 in fall corresponded to a quantitative loss of 12 r 4 µM C. 
Changes in DOC concentration at HB-2 in summer and fall, and at DL in summer were 
not significant.  
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Figure 1.2: Seasonal variation in dissolved organic carbon (DOC) concentrations (top) and 
percent DOC loss following light exposure at six study sites within the Humber River watershed 
(bottom), including a wetland-dominated catchment (BFB), headwater streams draining primarily 
coniferous forest (HB), and the inlet and outlet of a large lake (DL) located in the lower reach of 
the Humber River. Values are provided as the average ± standard deviation (n = 5). BD = below 
detection. 
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Figure 1.3: Dissolved organic carbon (DOC) concentration (top) and DOC and absorption loss 
following light exposure during summer (bottom). Sites represent a Sphagnum peatland bog, an 
upstream site (BF-1) immediately draining the bog, and a downstream site (BF-2) situated in a 
forested reach of the same stream. Losses in DOC and absorption were measured as the percent 
change in DOC concentration and absorption at a wavelength of 350 nm, respectively. Values are 
provided as the average ± standard deviation (n = 5). 
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1.3.5 Changes in optical properties of DOM with light exposure  
Results from the photochemical experiments revealed significant changes to 
absorption properties (except in samples from DL-1 in summer), suggesting DOM 
photobleaching occurred in all samples to varying degrees (Fig. 1.4). DOC normalized 
absorption coefficients decreased in light-exposed samples but not in those from the 
dark controls, and absorption loss varied from 15 to 35 % following light exposure (Fig. 
1.4). Absorption ratios a254:a350, spectral slope ratios (SR), as well as spectral slopes S275-
295 and S350-400 increased following light exposure at most sites (Fig. 1.4), indicative of 
greater loss of absorption at higher wavelengths. However, a significant change in S350-
400 was not detected following the exposure of the samples from both sites at BFB and at 
DL-1 in all seasons, and the final values for a254:a350 and S275-295 did not vary from the 
initial measurements at DL-1 collected in summer. 
 
1.3.6 Inorganic nitrogen and phosphorus production with light exposure  
Changes in SRP and NO3- concentrations following light exposure were below 
detection for all sites and seasons. Therefore, photolabile dissolved organic phosphorus 
(DOP) was not likely a significant fraction of the total DOP across this watershed. 
However, photochemical degradation of DOM resulted in the production of inorganic 
nitrogen in form of NH4+, whereas dark controls exhibited no significant difference 
between initial and final NH4+ concentrations. A minimum NH4+ production of 0.1 to 0.8 
µM was found at a wide range of our study sites, and a high NH4+ production of 2.7 µM N 
was detected at BFB-1 in summer (Table 1.2). Minimum production values were 
calculated using the detection limit for the NH4+ analysis (0.59 µM N) when initial 
concentrations were below detection, resulting in a conservative estimate of NH4+ 
produced. Ammonium production was observed in samples collected during summer 
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and fall; however, production was not observed in any of the samples collected in spring 
(Table 1.2). Further, the amount of NH4+ produced was independent of DOC:DON ratio 
(p = 0.49), but positively correlated with initial DON concentrations (p < 0.0001, R2 = 
0.47). 
 
Table 1.2: Initial dissolved organic nitrogen (DON) 
concentration and ammonium (NH4+) production rates over 
the course of the light incubation (10 hours). Data shown are 
average values (n = 5) ± one standard deviation. Values 
with asterisks represent minimum NH4+ production rates as 
initial concentrations were below detection (BD). 
 
Site Season DON  'NH4+
  (µM N)  (µM N hr-1) 
         
Bog Summer 24.0 ± 0.4  BD   
         
BF-1 Summer 13.3 ± 0.3  0.04* ± 0.006 
         
BF-2 Summer 18.1 ± 1.5  0.02 ± 0.006 
         
BFB-1 Spring 13.1 ± 1.1  BD   
BFB-1 Summer 30.4 ± 0.3  0.27* ± 0.092 
BFB-1 Fall 16.1 ± 0.5  0.02* ± 0.003 
         
BFB-2 Spring 12.6 ± 1.5  BD   
BFB-2 Summer 14.6 ± 0.2  0.04* ± 0.027 
BFB-2 Fall 17.3 ± 0.4  BD   
         
HB-1 Spring 13.9 ± 0.6  BD   
HB-1 Summer 8.6 ± 0.8  BD   
HB-1 Fall 19.3 ± 0.5  0.08 ± 0.026 
         
HB-2 Spring 5.8 ± 0.2  BD   
HB-2 Summer 7.1 ± 0.7  0.02 ± 0.002 
HB-2 Fall 6.4 ± 0.3  BD   
         
DL-1 Spring 10.5 ± 0.5  BD   
DL-1 Summer 11.5 ± 0.7  BD   
DL-1 Fall 13.4 ± 1.3  0.03 ± 0.010 
         
DL-2 Spring 7.9 ± 2.0  BD   
DL-2 Summer 6.0 ± 0.5  BD   
DL-2 Fall 7.7 ± 0.2  0.01 ± 0.004 
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Figure 1.4: Average decrease in dissolved 
organic matter (DOM) absorption ('aavg), 
change in absorption ratio a254/a350 
('a254/a350), change in spectral slope ratio 
('SR=S275-295/S350-400 final - S275-295/S350-400 
initial), and relative loss in absorption at 
350 nm following laboratory light exposure 
for the six study sites within the Humber 
River watershed collected during three 
seasons (spring, summer, fall). Sites 
include a wetland-dominated catchment 
(BFB), headwater streams draining 
primarily coniferous forest (HB), and the 
inlet and outlet of a large lake (DL) located 
in the lower reach of the Humber River. 
Numbers following the catchment 
abbreviation refer to the upstream (1) and 
downstream (2) site in each catchment. 
Values are provided as the average ± one 
standard deviation (n = 5). BD = below 
detection. 
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1.3.7 Stable carbon isotopic composition of photomineralized DOM (G13C-DOC)  
Photochemical degradation of DOM induced a change in its carbon stable isotopic 
composition (G13C). A significant increase in G13C-DOC values was observed with light 
exposure of the bog, stream, and river samples, whereas dark controls did not reveal 
significant changes. Final G13C-'2&YDOXHVZHUHHQULFKHGE\WRÅUHODWLYHWRWKH
starting G13C-DOC. The carbon isotopic composition of photomineralized DOM 
calculated from these results ranged from -30 to -Å9DOXHVZHUHPRVWGHSOHWHG LQ
13&UHODWLYH WRWKHLQLWLDO'2&LQ WKH ODNHLQOHWVDPSOHE\ WRÅGXULQJVSULQJDQG
fall, as well as in the BFB-ÅDQG+%-ÅVDPSOHV LQVSULQJ7KH G13C of 
photomineralized DOM was positively correlated to initial DOC concentration (Fig. 1.5) 
and negatively correlated to absorption coefficients a254 and a350 (Table 1.3). 
 
 
Figure 1.5: The stable carbon isotopic composition (G13C-DOC) of photomineralized dissolved 
organic carbon (DOC) plotted relative to initial DOC concentration for all individual replicates, 
study sites, and seasons.  
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Table 1.3: Relationships between stable carbon isotope composition (G13CPM Å RI SKRWRPLQHUDOL]HG GLVVROYHG RUJDQLc 
carbon (DOC), DOC loss (µM C), photobleaching (as 'a254 and 'a350; m-1), and initial DOC concentration (µM C), DOC:DON 
ratio, DOC normalized absorption coefficients a254* and a350* (L (mmol C)-1 m-1), spectral slope ratios (SR), and a254:a350 ratios, 
expressed as p- and R2 values determined from Pearson correlations.  
    
 Initial [DOC] DOC:DON a254* a350* SR a254:a350 
 p R2 p R2 p R2 p R2 p R2 p R2 
Initial [DOC] - - 0.17 - 0.07 0.16 0.16 - 0.47 - 0.43 - 
G13CPM <0.001 0.26 0.54 - 0.04 0.28 0.05 0.25 0.71 - 0.29 - 
DOC loss <0.001 0.46 0.23 - 0.47 - 0.68 - 0.14 - <0.001 0.16 
'a254 0.006 0.41 0.85 - - - - - - - - - 
'a350 0.027 0.28 0.87 - - - - - - - - - 
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1.4 Discussion 
1.4.1 Carbon mass balance in the light exposure experiments  
Mass balance for DIC production and DOC loss could not be determined in 40 % of 
the exposure experiments, likely for two reasons. Firstly, larger minimum detectable 
differences at sites with higher DIC concentrations resulted in values near the detection 
limit for the change in DIC. As a result, change in DIC could not be measured in the 
majority of the samples where mass balance for DIC production and DOC loss was not 
achieved. Secondly, the decrease in pH during photochemical transformation, 
particularly in samples with an inLWLDOO\ ORZHUS+PD\KDYH UHVXOWHG LQD JDVHRXV
loss of DIC in the final samples. This would have resulted in underestimates of DIC 
production. Given this lack of mass balance in some of the experiments and the greater 
potential error in the DIC production values, the amount of DIC produced could not be 
compared across all study sites. The DOC data was, therefore, used to determine the 
photolability of the bog, stream, and riverine DOM in this study.  
 
1.4.2 Relationship between watershed position and DOM photolability  
Photochemical transformations may be important in regulating the downstream fate 
of DOM to differing degrees for DOM derived from headwater streams versus the main 
river portions of this watershed. The results from this study suggest losses in photolabile 
DOM downstream in the lower reaches of the watershed and downstream within the 
headwater streams themselves. Photochemical lability of DOM appeared to have varied 
at both the smaller, in-stream headwater site, and larger, between headwater and river, 
scale within this watershed. Dissolved organic matter from upstream portions of the 
forested stream sites (HB) and the wetland-influenced sites (BFB) was more photolabile 
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relative to downstream portions. This consistent in-stream variation suggests that 
portions of the DOM pool may have undergone some photoprocessing during watershed 
transport and was therefore less susceptible to further photodegradation downstream. 
Further, the photolability of stream DOM appeared greater than DOM from the river and 
lake, which represent the more downstream portions of this large watershed, and is 
congruent with the concept of more chromophoric, photolabile DOM in stream water 
(Molot and Dillon, 1997).  
The photomineralization of stream water DOM in this study was lower than other 
comparable studies of bog (16 % DOC loss; Osburn et al., 2001), forested swamp (8 %; 
Obernosterer and Benner, 2004), and blackwater riverine (9 ± 17 % DOC loss; Smith 
and Benner, 2005) DOM, but not lake DOM (4 %; Obernosterer and Benner, 2004). 
More careful consideration, however, supports the observation that the headwater 
stream DOM in this watershed is more photolabile relative to downstream aquatic 
systems and similar to other upper watershed sources of DOM. The lower proportion of 
photolabile DOM in the stream water investigated here may be due, in part, to a 
freezing-induced reduction in the photolabile pool. Given the loss in DOC due to freezing 
was only detected for one sample, this was not likely the major contributing factor. 
Furthermore, DOC concentrations and SUVA, good predictors for freezing effects 
(Fellman et al., 2008), were similar between samples collected within streams where 
photolability was found to vary significantly. In other studies, irradiance dosages were 
generally greater than those used in this study. For example, the bog water was 
irradiated for seven days under natural sunlight at a lower latitude (Osburn et al., 2001), 
likely representing more than seven times the dosage used in this study. The blackwater 
riverine results reported in Smith and Benner (2005) were derived from single time point 
measurements with a dosage more than two times (64.8 x 103 kJm-2) of that used in this 
Chapter 1 Page 35 of 52 
study, whereas relative losses of DOC due to photomineralization were not much greater 
than the stream DOM results from this study. The values for the swamp and lake DOM 
were more comparable to relative photodegradation losses reported (Obernosterer and 
Benner, 2004) and were estimated by extrapolating between time points to obtain losses 
representative of the 27.5 x 103 kJm-2 dosage used in this study. Collectively, these 
comparisons suggest that headwater stream DOM in this boreal watershed is typically 
more photoreactive compared with riverine and lake sources, and similar to some 
wetland-derived DOM.  
 
1.4.3 Potential role of DOM source and composition in regulating the proportion 
of photolabile DOM  
The variation in DOM photolability at the larger and smaller watershed scales in the 
Humber River watershed could potentially have been a result of differences in DOM 
source and composition, as previously suggested in studies of other systems (Brisco and 
Ziegler, 2004; Southwell et al., 2011). Specifically, losses of DOC and absorption 
appeared generally higher with elevated initial DOC concentrations and with a greater 
presence of HMW CDOM relative to LMW CDOM, estimated from a254:a350 ratios and 
spectral slopes. These findings coincide with previous observations of the high 
photoreactivity of HMW CDOM, including aromatic compounds such as lignin-phenols, 
relative to LMW CDOM such as carbohydrates, which cannot be directly altered 
photochemically (Opsahl and Benner, 1998; Osburn et al., 2001). One exception to this 
observation was observed at both BFB sites in summer when DOC concentration was 
highest, yet photolability was low potentially due to changes in DOM chemical 
composition. Greater algal contributions at BFB-2 were possible given the filamentous 
algae and elevated nutrient concentrations observed at that time (Franke, D., 
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unpublished data). Such a source could increase DOC while potentially decreasing its 
relative photolability. At the upstream site (BFB-1), greater input from the landscape was 
likely relative to groundwater in early summer, increasing DOC when discharge 
increased. Enhanced light availabililty in early summer, however, also likely increased 
autochthonous sources and/or photomineralization of DOM in the small pond just 
upstream of this site, reducing the relative susceptibility of the stream DOM to 
photomineralization. Thus, both sites (BFB-1 and BFB-2) could have been influenced by 
increased autochthonous sources in summer, and BFB-1 may potentially be further 
influenced by reduced photolabile DOM due to phototransformations upstream. 
Factors such as differences in DOM inputs from peatland bog versus forested 
ecosystems also may have been responsible for differences in DOM chemical 
composition and thus photoreactivity among the sites and seasons. Contrary to in-
stream differences observed at the majority of our study sites, DOM photolability 
increased from samples collected from the open site in the Sphagnum peatland bog to 
those from the small stream directly draining this bog (BF-1 and BF-2). Peatland bog 
water DOM has been previously described to be relatively non-chromophoric compared 
to other systems (Clair and Sayer, 1997) and thus less photoreactive, and the chemical 
composition of samples collected from our study sites suggests that bog DOM exhibits 
elevated carbohydrate contents relative to the headwater stream DOM (Bonnell, J. et al., 
unpublished data), perhaps due to autotrophic activity. Further, since DOM samples from 
the bog were collected in summer, both photochemical and active microbial 
decomposition due to light exposure and warmer temperatures may have reduced the 
aromaticity of the bog DOM (Clair et al., 1996). The increase in DOM photolability 
downstream from this bog was likely due to increasing forest input of terrestrial organic 
matter and DOM derived from deeper portions of peatland bogs in these downstream 
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sites. Both of these sources could potentially contribute more photoreactive compounds. 
For example, syringyl phenols have been found to be the most photolabile lignin phenol 
in DOM (Opsahl and Benner, 1998). Syringyl phenols are predominant in vascular plants 
including boreal coniferous trees and soils (Hedges and Mann, 1979; Ugolini et al., 
1981), but are virtually absent in Sphagnum (Williams et al., 1998). Syringyl phenols, 
however, tend to exhibit increases in the relative contribution with depth in peatland soils 
(Williams and Yavitt, 2003).  
Similarly, seasonal changes in DOM photolability documented in this study may 
have resulted from temporal changes in DOM chemical composition (Clair and Sayer, 
1997; Lindell et al., 2000; Waiser and Robarts, 2004) caused by varying levels of 
photodegradation of DOM due to seasonal differences in solar radiation exposure. The 
amount of DOC lost during the laboratory exposure was lowest in the summer at most 
study sites when regarding each stream individually, suggesting that part of the DOM 
may have been more photo-degraded during the summer sampling period. Slightly 
higher initial SR and a254:a350 values during the summer months suggest that a relatively 
higher amount of LMW CDOM was present relative to other seasons. Further, the low 
DOC loss following light exposure in the summer samples did not correspond to lower 
absorption loss relative to other seasons. This may have been the result of absorption 
losses upon freezing that may have been less significant in the summer samples, which 
exhibited generally lower DOC and absorption relative to fall samples. Furthermore, 
freezing tests conducted here suggest changes in absorption may have been more 
common than DOC loss and potentially greater in fall versus summer samples. 
In addition to the chemical composition of DOM, factors such as pH and iron 
concentrations can impact photomineralization of DOM. The presence of iron can 
facilitate the photodegradation of DOM to DIC (Faust and Zepp, 1993; Gao and Zepp, 
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1998; Sulzberger and Durisch-Kaiser, 2009) and cannot be ruled out as a potential factor 
regulating the photolability of DOM in the Humber River watershed. Total dissolved iron 
concentrations were below the elevated detection limit (<0.5 mg L-1) obtained in this 
study. However, Fe levels have been found to range from 0.02 to 0.2 mg L-1 for the 
Humber River region (WQMA, 2000) similar to other Canadian boreal watersheds (Molot 
and Dillon, 2003; Wu et al., 2005; Kelton et al., 2007). In these systems, the 
photodegradation of DOM was strongly influenced by iron concentrations (Wu et al., 
2005), even when initial [Fe] were relatively low (0.002 to 0.4 mg L-1). Therefore, iron 
may have participated in the phototransformation of Fe-DOM carboxylates in the 
Humber River watershed samples studied here via ligand-to-metal charge transfer 
(Kelton et al., 2007), followed by the formation of polycarboxylate radicals and hydroxyl 
radicals, which can participate in photooxidation (Faust and Zepp, 1993; Gao and Zepp, 
1998). Iron concentrations vary with catchment type and watershed DOM source 
(Maranger et al., 2006; Bjorkvald et al., 2008), and may explain upstream-downstream 
trends we observed, or differences between the study catchments. For example, higher 
Fe concentrations were measured at the wetland-influenced study sites (e.g. BFB, BF) 
relative to the forested streams and the main river in the Humber River watershed 
(Bonnell, J. et al., unpublished data), and may have contributed to the greater DOM 
photolability measured at the wetland-influenced sites relative to the forested stream 
sites (HB) or the main river portions.  
Through possible impacts on DOM composition and photoprocessing of Fe, 
variation in pH can impact the photolability of DOM in natural waters (Waite and Morel, 
1984; Bertilsson and Tranvik, 2000). Though potentially important in some environments, 
pH was not likely a major factor regulating the variation in DOM photolability observed in 
this study. Lowering pH significantly (i.e. by 2 or more units) has been found to cause 
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precipitation of more humic DOM (Aiken and Malcolm, 1987), and thereby potentially 
reducing the proportion of photoreactive DOM. Such large differences in pH, however, 
were not detected among samples or within experiments in this study. On the other 
hand, decreasing pH in the range of one or more units in lake or stream waters 
(Gennings et al., 2001; Anesio and Granéli, 2003; Vione et al., 2009) has been shown to 
increase photomineralization of DOM. The range in pH values we observed in our study 
was 6.0 to 8.7, with river samples ranging between 7.0 to 7.5 and streams 6.7 to 8.7.  
Differences in pH were not likely large enough to explain the differences in DOM 
photolability within headwater streams (greatest range 0.7) or between the headwater 
stream sites relative to the downstream river sites. The one exception to this was the 
headwater stream HB where a larger proportion of carbonate bedrock in the catchment 
results in elevated pH values relative to downstream portions of the watershed. The 
elevated pH range at the HB-1 site, however, coincided with relatively higher 
photomineralization of DOM relative to the downstream HB-2 and river DOM samples. 
 
1.4.4 Potential role of HMW DOM in boreal watershed DOM photochemical 
transformations  
Differences in DOC loss and spectral characteristics suggest that the presence of 
HMW CDOM plays a significant role in DOM photochemical transformations in the 
Humber River watershed. Although differences in DOC loss were not correlated to 
CDOM photobleaching (p = 0.77) and decreases in DOC concentration were 
considerably lower than the corresponding losses in absorption, similar patterns have 
been observed in other systems (Gao and Zepp, 1998). Either the photoreactive portion 
of DOM had a greater absorption than the bulk DOM pool, or the photoproducts had a 
lower absorption than the initial DOM pool (Gao and Zepp, 1998). Both of these 
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conditions allow for variations in the amount of DOC lost while observing relatively 
constant losses in absorption among sites and seasons and could only be distinguished 
through measurements of the apparent quantum yield (Johannessen and Miller, 2001) 
for each parameter (DOC and absorption loss), which was not accessible in these 
experiments.  
Increases in a254:a350 and spectral slope following simulated solar radiation, 
however, suggest increases in LMW photoproducts and/or a greater resistance of LMW 
compounds to photodegradation and a higher photoreactivity of HMW compounds, 
respectively (Opsahl and Benner, 1998). This shift in the relative molecular weight of 
CDOM that occurred during photochemical transformations has been shown in previous 
studies (Vodacek et al., 1997; Obernosterer and Benner, 2004; Waiser and Robarts, 
2004), however several other studies reported decreases in spectral slope following light 
exposure (Gao and Zepp, 1998; Wu et al., 2005). The reasoning for these differences 
has not been well established, although differences in the spectral quality of irradiation to 
which CDOM was exposed (Tzortziou et al., 2007), as well as differences in source (e.g. 
marine versus riverine or stream DOM), chemical composition and the degradative state 
may be factors (Gao and Zepp, 1998). Results from our research suggest HMW CDOM 
is an important fraction contributing to the photolabile pool of DOM in these boreal 
waters. 
 
1.4.5 Photolabile DON and DOP in boreal watersheds  
Photomineralization of phosphorus was not detected throughout the sites 
investigated while photomineralization of nitrogen resulted in the production of NH4+ and 
was regulated by organic nitrogen availability in the Humber River watershed. The lack 
of DOP photomineralization was likely due to low DOP availability and lower phosphorus 
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photomineralization rates typical of boreal watersheds relative to nitrogen (Vähätalo et 
al., 2003) and in contrast to more phosphorus-rich ecosystems (Francko and Heath, 
1982). The absolute NH4+ production rates (0.01 to 0.3 µM N hr-1) in this study, however, 
were similar to the rates observed in natural and artificial sunlight exposure experiments 
on boreal DOM (peatland bog specifically) with higher DON concentrations ranging from 
20 to 86 µM N (Bushaw et al., 1996; Vähätalo et al., 2003). However, NH4+ production 
rates detected in our photochemical experiments accounted for a 30 to 150 % increase 
in the initial NH4+ pool size, and as high as 450 % at BFB-1 in summer. Elevated 
temperatures during summer months can lead to greater reworking of DOM, resulting in 
DOM with a higher proteinaceous component relative to other times of the year (Ziegler 
and Fogel, 2003). Subsequent photochemical ammonification can make these nitrogen 
compounds more accessible for microbial utilization, and thus stimulate microbial 
degradation (Bushaw et al., 1996) and production (Vähätalo and Jarvinen, 2007). 
Ammonium concentrations are typically very low in these streams, particularly in boreal 
aquatic ecosystems, yet play an important role in microbial assimilation and nitrification 
processes (Peterson et al., 2001). Ammonium is usually the preferred form of DIN 
(Dodds et al., 1991) and therefore rapidly removed from the water column by 
microorganisms (Peterson et al., 2001; Pelster et al., 2008; Fellman et al., 2009). 
Further, the microbial community present in these streams may be able to adapt to 
recycling or acquiring the nitrogen compounds (e.g. NH4+) needed for an enhanced 
degradation of DOM carbon sources (Franke, D., unpublished data). Thus, the 
photochemical production of NH4+ may have important ecological implications for the 
carbon and nutrient cycling in the Humber River watershed, particularly in summer and 
fall when NH4+ production was measurable in samples collected. 
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1.4.6 Factors regulating the isotopic composition of photomineralized DOM  
Photochemical transformations in this study lead to increases in the G13C of DOM 
similar to those reported in previous sunlight exposure studies on terrigenous and 
freshwater DOM (Opsahl and Zepp, 2001; Osburn et al., 2001). The lack of any 
relationship between G13C of the photomineralized DOM and measures such as the 
DOC:DON ratio and optical properties of the DOM suggests bulk DOM compositional 
differences was not likely the reason for the observed shift in G13C. The majority of the 
calculated values for the carbon isotopic composition of photomineralized DOM (-30 to -
ÅZHUHVLPLODUWRWKRVHIRXQGLQRWKHUVWXGLHVDQGUHIOHFWWKH13C-depleted signature 
of lignin (Opsahl and Zepp, 2001). However, some of our values for the G13C of the 
photomineralized DOM were very low (- Å ZKLFK LV QRW W\SLFDOO\ WKH FDVH IRU
terrestrial G13&YDOXHVLQFOXGLQJWKRVHRIOLJQLQQRUPDOO\GHSOHWHGE\WRÅUHODWLYHWR
bulk vascular plant tissues (Benner et al., 1987) or lipids, normally depleted by 2 to Å
relative to bulk biomass (Hayes, 2001). It is important, however, to recognize that the 
DIC released as a result of photooxidation does not necessarily reflect the carbon 
derived from the entire biomolecule that was photooxidized. Typically only a portion of 
the photoreactive component is released as DIC during photochemical decarboxylation 
processes (Osburn et al., 2001; Xie et al., 2004). Although carboxylic groups on 
molecules may not be typically depleted relative to the molecule from which they are 
derived (Vogler and Hayes, 1980), kinetic isotope fractionation associated with 
decarboxylation and specifically photodecarboxylation can lead to isotopically deplete 
CO2 that may explain the values reported in this study (Bigeleisen and Allen, 1951). 
Given this and the fact that lignin phenols are light relative to bulk organic matter 
suggests that kinetic isotope fractionation, particularly associated with decarboxylation of 
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photoreactive components of DOM, may in part control the G13C of DOM in boreal 
waters. 
Relationships between G13C of the photomineralized DOM and rates of 
photomineralization can serve to more directly link changes in the G13C of DOM with 
kinetic isotope fractionation (Opsahl and Zepp, 2001; Vähätalo and Wetzel, 2008). Here 
the G13C of the photomineralized DOM was positively correlated to initial DOC 
concentration. Specifically, the G13C of the photomineralized DOM was generally lower 
when intitial DOC concentrations were lower. Dissolved organic carbon concentration 
itself was correlated with DOC photomineralization rates; however, whether DOC loss 
was correlated to the G13C of the photomineralized DOM could not be directly tested due 
to the fact that this rate was used in the calculation of the G13C value. In combination with 
previous studies, the results of this study suggest that photomineralization has the 
potential to alter the stable carbon isotope composition of DOC and DIC in boreal 
aquatic ecosystems. Further, such change is likely regulated more by the rates of 
photomineralization and less so by the composition of DOM in these watersheds. 
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Summary 
1) Boreal headwater streams typically receive large contributions of dissolved organic 
matter (DOM) from wetland and forest soils, and can exhibit high CO2 effluxes, but 
little is known about how stream biofilm respiration of DOM responds to carbon and 
nutrient substrates in boreal catchments. 
2) The aim of this study was to assess (a) the response of heterotrophic biofilms to 
increased availability of labile carbon (C), nitrogen (N), and phosphorus (P), and (b) 
how this response varies across sites differing in the source of catchment organic 
matter. 
3) Normalized biofilm respiration rates (RBiofilm) of dissolved organic carbon (DOC) of 
DOM sources derived from wetland, deciduous forest, and ponds were up to 10 
times greater than for coniferous forest DOM. Experimental additions of bog and 
pond-derived DOM stimulated RBiofilm in coniferous forest sites (1.5 to 2.5 times), 
adding further weight to the evidence for differing responses to stream DOM 
sources in this boreal catchment. 
4) Mineralization of added glucose by the biofilms was only increased by added N and 
P, coinciding with a reduction in mineralization of the extant stream DOM. These 
findings suggest that increases in labile C, N, and P can reduce biofilm 
mineralization of stream dissolved organic nitrogen and phosphorus, perhaps due to 
the greater energy required to access the more complex DOM. 
5) In 15 of 19 experiments, the addition of glucose had no effect on biofilm 
mineralization of stream DOC (RDOC). In the presence of added N and P, however, 
RDOC decreased by 30 to 38 % with the addition of glucose at sites with the most 
active biofilms in summer. When glucose was added alone, conversely, RDOC was 
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stimulated (40 ± 50 %) at these same sites in autumn, when biofilm respiration was 
lower and DOM more aromatic and less carbohydrate-rich. Combined, these results 
suggest labile C sources, such as algal exudates, may (a) compete as a source of 
energy and/or stimulate the incorporation rather than mineralization of the more N 
and P-rich stream DOM, or (b) stimulate the mineralization of stream DOM, 
potentially depending upon nutrient availability and the composition of stream DOM. 
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2.1 Introduction 
Understanding the nutrient and organic matter dynamics of boreal headwater 
streams is essential to our ability to decipher linkages across terrestrial-aquatic 
boundaries and gain a predictive understanding of how this linkage may change with 
climate and other anthropogenic landscape changes. In particular, shifts in organic 
matter composition, production, and export from terrestrial sources into aquatic 
ecosystems are likely consequences of changes in temperature, catchment vegetation 
regime, and in the frequency and intensity of precipitation (Clair and Ehrman, 1996; 
Schindler et al., 1996; Schiff et al., 1998; Pastor et al., 2003). Such changes may 
already be underway in boreal or high-latitude catchments, as indicated by increasing 
organic carbon loadings in the rivers of these regions (Roulet and Moore, 2006).   
Small headwater streams integrate the terrestrial and aquatic biogeochemical 
cycling of elements such as carbon (C), nitrogen (N), and phosphorus (P), and represent 
the first locations in catchments that are affected by landscape changes (Peterson et al., 
2001; Alexander et al., 2007; Freeman et al., 2007). Low-order streams typically receive 
a large input of terrestrially derived or allochthonous dissolved organic matter (DOM) 
(Fisher and Likens, 1973), particularly in boreal regions (Aitkenhead and McDowell, 
2000; Pastor et al., 2003). Further, these headwater streams exhibit a high active 
microbial surface area, typically as epilithic or sediment surface biofilms (Battin et al., 
2003b; Hoellein et al., 2010), relative to water volume, and typically represent the most 
biogeochemically active components of the larger catchment (Peterson et al., 2001). 
Such biogeochemical processing in boreal streams is largely driven by heterotrophic 
biofilm microbial communities due to high DOM concentrations, limited light availability, 
and low rates of primary production in these ecosystems (Tranvik, 1988, 1989; Jansson 
et al., 2000; Jonsson et al., 2001; Agren et al., 2008). In boreal landscapes in particular, 
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such attributes may contribute in part to high stream CO2 effluxes, representing a 
potentially significant loss of C from the landscape (Teodoru et al., 2009).  
Changes in landscape composition caused by climate change or anthropogenic 
impacts often lead to increases in inorganic N and P levels in the aquatic environment 
(Schindler et al., 1996; Mattsson et al., 2005; Kreutzweiser et al., 2008). Such changes 
may not only increase more labile, autochthonous sources of DOM (Mallin et al., 2004), 
but potentially alter the fate of both autochthonous and allochthonous DOM through 
interactive effects on microbial activity, particularly in boreal streams. Mineralization of 
labile C sources by stream biofilms is typically linked to N and P availability with 
increased inorganic N supply often increasing the microbial demand for labile C (Reche 
et al., 1998; Gulis and Suberkropp, 2003; Stelzer et al., 2003). Congruent with this, 
increased labile C sources have been found to lead to microbial depletion of either N or 
P or both (Francoeur, 2001; Bernhardt and Likens, 2002; Tank and Dodds, 2003). In low 
nutrient streams, where organic forms of N and P may dominate, biofilms may be able to 
extract energy from new labile C sources when inorganic nutrients are increased and 
use this energy to form biomass while inhibiting the mineralization of extant DOM 
(Kaushal and Lewis, 2005). Similarly to results from temperate streams (Bernhardt and 
Likens, 2002; Ziegler and Brisco, 2004; Lane et al., 2012), heterotrophic microbial 
response to catchment nutrient enrichment may become limited by bioavailable C in 
boreal streams despite the elevated DOM typical of these systems. In fact, microbial use 
of extant DOM may be inhibited by increases in labile C, N, and P sources in boreal 
streams.  
Variation in microbial growth efficiencies suggest that mineralization of extant DOM 
in response to new labile substrates probably also depends on nutrient availability and 
DOM source or composition (del Giorgio and Cole, 1998; Smith and Prairie, 2004; 
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Berggren et al., 2007). In boreal landscapes, the growth efficiency of bacterioplankton 
can vary with catchment composition and nutrient status (Berggren et al., 2007), 
suggesting that both DOM source or composition and nutrient availability may regulate 
the mineralization or fate of DOM in these landscapes. Dissolved organic nitrogen (DON) 
is often the major form of N in boreal catchments (Stepanauskas et al., 2000; Moore, 
2009) and when inorganic nutrients are in low concentration heterotrophic biofilms may 
be more adept at utilizing organic forms of N and P. As such, DON, and possibly P, can 
play a specific role in regulating organic matter mineralization (Neff et al., 2003; Kaushal 
and Lewis, 2005). 
Inorganic nutrient concentrations can greatly affect biomass and processes in 
stream biofilms in temperate streams (Guasch et al., 1995; Romani et al., 2004; Lyon 
and Ziegler, 2009; Hoellein et al., 2010) and may have an even more significant, and 
probably different, influence on boreal stream biogeochemistry, given their allochthonous 
nature. In temperate streams, increased C and inorganic nutrient contributions have 
been shown to result in enhanced microbial metabolism and the release of organic 
nutrients, which may lead to altered downstream nutrient transport (Findlay and 
Sinsabaugh, 2003) and changes in the resilience and biological stability of the 
ecosystem (Wetzel, 2001). For example, the availability of nutrients or production of 
labile algal-derived C may increase the degradation of organic matter that turns over 
more slowly, a process analogous to the priming effect observed in soils (Kuzyakov, 
2010). To date, the causes, mechanisms and presence of the priming effect in aquatic 
ecosystems remain poorly understood but may in fact contribute to CO2 emissions from 
allochthonous organic matter (Guenet et al., 2010; Bianchi, 2011), particularly in boreal 
aquatic ecosystems.   
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Studies conducted in boreal catchments have revealed variation in microbial 
respiration, growth and production in relation to location (e.g. ponds, lakes) in a 
catchment and/or organic matter source (e.g. algal sources, leaf leachates) (Findlay et 
al., 1986; Meyer et al., 1987; Jonsson et al., 2001; Berggren et al., 2009b). Such studies 
have typically focused on planktonic communities (Tranvik, 1988, 1989; Jansson et al., 
2000; Anesio et al., 2005; Haukka et al., 2005), whereas factors regulating heterotrophic 
biofilm mineralization of organic matter within boreal headwater streams have been 
assessed to a more limited extent (Paul et al., 1991; Fischer et al., 2009). Such 
knowledge about stream biofilm activity, and specifically DOM mineralization, however,  
is critical for determining the fate of DOM and how boreal catchments will respond and 
adapt to environmental change and alterations to aquatic-terrestrial connectivity, 
including altered contributions from ponds and wetlands (Schiff et al., 1998; Davidson 
and Janssens, 2006; Laine et al., 2009). 
This study was designed to assess (1) the response of boreal stream biofilm DOM 
mineralization to increased labile C, N, and P availability and (2) how this response 
varies across streams of contrasting catchment composition. Artificial substrates 
(glucose, ammonium nitrate, and potassium phosphate) were added to directly test how 
they influenced microbial respiration of stream DOM in short-term dark bottle incubations 
of biofilm-colonized tiles. Direct measurement of mineralization of the added labile C 
mineralized separately from the mineralization of the extant stream DOM was 
accomplished using 13C-labeled glucose-C. Subsequent analysis of stable carbon 
isotopic composition (G13C) of the respired C, therefore, enabled us to test for priming 
effects on stream DOM mineralization. Stream water and biofilm-colonized tiles used in 
these experiments were collected from contrasting sites to provide a range in catchment 
composition (e.g. vegetation cover varying from forests to wetlands and including a pond 
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site), but in the absence of significant human influences and associated nutrient 
enrichment. Additionally, natural DOM concentrates isolated from a peatland bog and 
headwater pond were used in a subset of these addition experiments to more directly 
test these sources, which have the potential to regulate variation in biofilm respiration 
across the study sites.  
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2.2 Methods 
2.2.1 Study sites  
 Substrate addition experiments were conducted on DOM samples collected from 
nine study sites in four sub-catchments located within the Humber River Basin (HRB) in 
western Newfoundland, Canada (Fig. 2.1). This large boreal catchment (total area: 
10923 km2) provides sites that vary in catchment organic matter source, as determined 
from catchment vegetation in the absence of significant human influences. The ArcGIS 
(ArcGIS 10; ESRI, Redlands, CA, USA) layers used to select the study sites were 
obtained from the LandSat 5 Thematic Mapper Satellite 2007 database provided by the 
Canadian Forest Service and included vegetation cover and type, soil type, geology, 
water bodies, and roads for the entire HRB. Within the HRB, 416 first to third order 
stream catchments were delineated using RiverTools (RiverTools 3.0; Rivix, LLC, 
Broomfield, CO, USA). Sites were selected based on accessibility and vegetation cover 
and included (a) two headwater streams draining wetland-dominated catchments, (b) 
two headwater streams draining primarily coniferous forest but with some variation in 
wetland coverage, and (c) one headwater stream representing a high deciduous forest 
coverage for the HRB (Table 2.1). The substrate addition experiments were conducted 
at or close to baseflow (see Appendix Table A2.1 for discharge) and consisted of two 
parts: (a) Labile substrate addition experiments at upstream (1) and downstream (2) 
sites of Big Falls Brook (BFB-1 and BFB-2) in 2008, and at Crooked Feeder (CF-1 and 
CF-3\QQ¶V%URRN3%-1 and PB-2), and Gillams Brook (GB-1 and GB-2) in 2009, and 
(b) ambient DOM addition experiments at the contrasting CF and PB sites in 2010 (Fig. 
2.2).  
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Figure 2.1: The delineation of the Humber River catchment both as situated in western 
Newfoundland, Canada (above), and shown in part in a larger scale (below) to illustrate the 
region and location of the study stream sites within the catchments of Crooked Feeder (CF), Big 
)DOOV%URRN%)%3\QQ¶V%URRN (PB), and Gillams Brook (GB). A minimum of two study sites, 
representing upstream (triangle) and downstream (circle), were chosen for each catchment. 
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Table 2.1: Description of the study sites in the Humber River Basin (HRB), including intra-site location and abbreviation (Abbr.), 
estimated catchment area, distance of the intra-site location from the headwaters of each catchment, catchment vegetation cover and 
composition of the vegetation of each catchment given as the percentage of total cover.  
 
Site Intra-site 
location 
 Abbr. Catchment
area  
(km2) 
Distance of 
site location 
from head-
waters (km) 
Catchment 
vegetation 
cover 
Catchment composition 
       
Crooked 
Feeder 
upstream CF-1 25.9 6.9 75 % forest 
25 % wetland* 
 
Peatland bogs  
Black spruce (Picea mariana, 25 %) 
Balsam fir (Abies balsamea, 8 %) 
Coniferous (22 %) and deciduous shrubs (6 %) 
downstream CF-2 56.9 14.9 
       
Big Falls 
Brook 
upstream BFB-1 4.6 2.3 80 % forest 
20 % wetland* 
Peatland bogs 
Black spruce (Picea mariana, 13 %) 
Balsam fir (Abies balsamea, 30 %) 
Coniferous (26 %) and deciduous shrubs (2 %) 
downstream BFB-2 23.5 12.3 
       
Pynn's 
Brook 
upstream PB-1** 6.6 2.8 80 % forest 
<10 % wetland 
Black spruce (Picea mariana, 21 %) 
Balsam fir (Abies balsamea, 45 %) 
Coniferous (14 %) and deciduous shrubs (7 %) 
downstream PB-2 28.1 10.8 
 downstream PB-3 83.6 17.9 
       
Gillams 
Brook 
upstream GB-1*** 32.3 8.2 7 % deciduous 
forest 
White birch (Betula papyrifera, >95 %)  
 downstream GB-2 43.5 10.4 
       
 
* CF and BFB represent relatively high wetland coverage for small accessible catchments in the HRB. The maximum wetland coverage for first 
through third-order streams in the HRB is 75 %, and only 33 out of all 416 stream catchments exhibit a wetland coverage greater than 25 % (mean 
coverage of these 33 = 36 ± 11 %) and all of these sites were inaccessible.  
** PB-1 is draining directly from a headwater pond.  
*** GB-1 was chosen to contrast with the coniferous-dominated forests typical of this watershed and is located within the largest patch of 
deciduous forest (1.8 km2) almost exclusively (>95 %) comprised of white birch in this catchment. Of the catchments in the HRB that exhibit 
deciduous forest cover, <10 % have greater deciduous forest coverage than found in GB. Those catchments with greater deciduous forest cover 
were found exclusively on carbonate-rich geology, which changed the water chemistry significantly enough to render them incomparable to our 
coniferous forest sites. 
 Chapter 2 Page 12 of 51	  
2.2.2 Heterotrophic biofilm colonization  
 Heterotrophic activity, measured as dark biofilm community level respiration, was 
used to assess how the microbial mineralization of DOM varies among the sites studied. 
Pre-combusted (500qC) ceramic tiles (10 x 47 x 5 mm, ~15 cm2 surface area), serving as 
solid substrate for heterotrophic biofilm colonization, were deployed at stream sites 
during two seasons (summer and autumn) in each of the four stream catchments (CF, 
BFB, PB, and GB) within the Humber River Basin. To select for the growth of 
heterotrophic microbial populations, tiles were incubated on racks held in open-ended, 
10 cm diameter black PVC tubes that were anchored midstream at each of the stream 
sites and oriented in such a way to allow ambient stream flow. The tiles were fixed on 
the rack such that they were always at least 10 cm in from the PVC tube opening, 
however, complete omission of phototrophic microbial organisms cannot be guaranteed. 
The colonized tiles were collected within 10 to 12 weeks following their deployment. 
Substrate addition experiments, utilizing the heterotrophic biofilm colonized tiles at each 
site, were conducted in replicate (n = 5) 300 mL biological oxygen demand (BOD) 
bottles. Bottles were filled with stream water from a single carboy collected from each 
site and incubated on site for 24 hours in the dark with two colonized tiles per bottle 
(total biofilm surface area of ~30 cm2). Unfiltered water was used to avoid large changes 
in dissolved oxygen (DO) concentrations associated with filtration. Initial experiments 
used to test this design were conducted with only stream water in CF, PB, and BFB, 
where respiration rates were found to represent <2 % of those rates measured with tiles 
(data not shown). The summer 2008 (BFB) and 2009 (PB, CF) experiments as well as 
the autumn 2008 (BFB) experiments were conducted on site. Unfortunately, the summer 
2009 experiments at GB were lost due to disturbance while incubating in the stream 
overnight and cannot be included here. To avoid such field-related disturbance, the 
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samples from autumn 2009 (PB, CF, GB) and summer 2010 (PB, CF) were incubated in 
the field station in a chiller water bath with recirculating water of similar DO levels from a 
larger reservoir (NesLab, Thermo Scientific, Waltham, MA, USA) with temperature 
maintained within 1qC of stream water temperature at the time of collection.  
 Tiles from each experiment were carefully collected and stored separately in 
individual re-sealable plastic bags, immediately frozen, and freeze-dried. Freeze-dried 
tiles from each BOD bottle were sonicated separately in 100 mL NanoPure water for 
approximately 4 hours at room temperature. The water was filtered through a pre-
combusted quartz filter (32 mm, 0.45 µM pore size, Whatman) and distributed equally 
into duplicate, acid-cleaned, pre-combusted 40 mL amber glass vials, spiked with 
H3PO4, and analyzed for dissolved organic carbon (DOC) and total dissolved nitrogen 
(TDN) with the same NanoPure water used in the extractions as a blank. The quartz 
filters were freeze-dried and analyzed for C and N content and G13C. 
 
2.2.3 Labile substrate addition experiments 
 Substrates were added to assess how stream heterotrophic microbial respiration 
may be regulated by carbon and nutrient availability. The labile substrates used in these 
experiments were glucose (C), ammonium nitrate (N), and potassium phosphate (P), 
added either as single spikes (C, N, and P) or as a combination (CNP and NP; Fig. 2.2) 
immediately upon filling the BOD bottles with stream water. Additions were made to 
obtain approximate final concentrations of 83 µM C, 18 µM N, and 3 µM P (ratio 28:6:1), 
respectively, lower than the C:N:P-ratio typical of bacterial biomass (40:10:1) assuring 
adequate N and P for C substrate uptake and incorporation. The absolute 
concentrations used here represented N and P values approximately 5 to 10 times 
ambient stream concentrations for inorganic N and P and more typical of concentrations 
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in nutrient-impacted streams in this region (D. Franke, unpublished data). The glucose-C 
additions resulted in levels roughly 14 to 25 % of ambient stream DOC concentrations; a 
level deemed adequate enough to stimulate the use of C while remaining relative to 
common N and P additions. Biofilm respiration rates (RBiofilm) were measured as 
microbial oxygen uptake, comparing treatments to control bottles where no substrates 
were added. Respiration rates are presented here as carbon consumption in units µM C 
hr-1 assuming a respiratory quotient of 1 (del Giorgio et al., 1997; del Giorgio and Cole, 
1998). Additionally, biofilm respiration rates were normalized to DOC concentration (µM 
C hr-1 mM DOC-1), to total biofilm biomass carbon (Cbiomass) incubated (µM C hr-1 mM 
Cbiomass-1), and to both DOC and Cbiomass (µM C hr-1 mM DOC-1 mM Cbiomass-1) to assess 
the variation in DOC and biofilm-specific rates across the study sites investigated.  
In addition to assessing the variation in labile C, N, and P limitation of 
heterotrophic respiration in these biofilms, the influence of labile C, with and without 
added inorganic N and P, on the mineralization of extant stream DOC (RDOC) was 
determined by using 13C-labeled glucose (D-Glucose-13C6; Sigma Aldrich, St. Louis, MO, 
USA). The glucose solution used in these experiments had a G13C value of 551 Å
allowing us to distinguish it from ambient DOC. Changes in the G13C of the total inorganic 
carbon (TIC) were measured and used to calculate the rate of glucose-C respired 
(RGlucose; µM C hr-1) during the incubation using the following equation: 
  

RGlucose  
[TIC final]
t
u G
13CTICfinal  G13CTICinitial
G13CGlucose  G13CTICinitial
                                                            (eq. 1) 
where [TICfinal] is the final TIC concentration (µM C), t is the incubation time (hrs), G13CTIC-
initial/final are the stable inorganic carbon isotopic values (Å) at the beginning and the end 
of the incubation, respectively, and G13CGlucose is the G13C (551 Å) of the glucose spike. 
Results were compared to respiration rates from the treatments without glucose 
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additions (Rcontrol) to investigate whether glucose stimulated biofilm respiration. In those 
cases where glucose caused an increase in total respiration (Rtotal), the respiration of 
extant stream DOC (RDOC) was calculated as the difference between Rtotal and RGlucose in 
the glucose-treated incubations. RDOC was then compared with Rcontrol to determine if 
respiration of stream DOC increased as a result of the glucose treatment. More 
specifically, we used these data to determine whether the added glucose competed with 
stream DOC as a source of energy or enabled a priming effect that stimulated the 
mineralization of stream DOC. 
 
2.2.4 Ambient DOM addition experiments  
To more directly assess the difference in biofilm respiration of pond and peatland 
bog DOM sources in the Humber River Basin, additional experiments were conducted at 
sites (PB-1, PB-2, PB-3, CF-1, CF-2) that exhibited significantly different levels of biofilm 
respiration. Concentrates of DOM (Fig. 2.2), isolated from the headwater pond 
immediately upstream of PB-1 and a peatland bog located in the BFB catchment, were 
included in an additional set of labile substrate addition experiments as described above. 
Samples of these two sources were collected one day prior to the experiments from the 
headwater pond and the peatland bog and immediately pre-filtered through 0.2 µm 
polypropylene filters, and then concentrated using a RealSoft PROS/2S reverse osmosis 
(RO) system with two Filmtec TW30-4021 membranes (GEA Process Engineering Inc., 
Columbia, MD, USA). The pond and bog DOM concentrates exhibited a relative 
carbohydrate content of 38.5 % and 19.4 % of total C resolved and an aromatic to 
aliphatic (AR:AL) carbon ratio of 0.02 and 0.57, respectively, as determined by solid state 
13C Cross Polarization Magic Angle Spinning Nuclear Magnetic Resonance (13C {1H} 
CPMAS NMR). The final C concentration added with the pond and bog DOM 
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concentrates was 167 µM C and 125 µM C, respectively. Analysis for each individual 
BOD bottle from each site and treatment confirmed that inorganic nutrient concentrations 
in these DOM treatments were either below detection (NH4+, SRP) or as low as the 
control samples (NO3-; data not shown). Additionally, inorganic N and P were added to 
achieve the same set of treatments and concentrations as for the glucose additions 
described above (Fig. 2.2). 
In addition to the RO retentates collected and used in the substrate addition 
experiments, DOM samples were collected at PB, CF, and GB at the same time water 
collections were made for experimental set-up by concentrating stream water using the 
same RO technique, and freeze-dried as described above. These samples were 
analyzed for the AR:AL ratio derived from 13C {1H} CPMAS NMR spectra and for 
quantifying the total hydrolysable carbohydrate content of the DOM at each site. Also, 
biofilm material was collected at each stream site by scrubbing rocks with a clean brush. 
The sample material was rinsed off with NanoPure water, collected in acid-rinsed, brown 
500 mL high-density polyethylene (HDPE) bottles, shell-frozen, freeze-dried, and 
analyzed for G13C, %C, and %N.  
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Figure 2.2: Illustration of the experimental set-up used in the (a) labile substrate addition 
H[SHULPHQWV FRQGXFWHG DW %LJ )DOOV%URRN %)% LQ  DQG DW 3\QQ¶V%URRN 3%&URRNHG
Feeder (CF), and Gillams Brook (GB) in 2009, and (b) ambient dissolved organic matter (DOM) 
DGGLWLRQH[SHULPHQWVDW&URRNHG)HHGHUDQG3\QQ¶V%URRNLQThe labile substrates used in 
these experiments were glucose (C), ammonium nitrate (N) and potassium phosphate (P), added 
as 1 mL additions to each bottle to achieve final concentrations of 83 µM C, 18 µM N and 3 µM P, 
respectively, assuring adequate N and P for C substrate uptake and incorporation. 
Concentrations used here represent N and P values roughly 5-10 times ambient stream 
conditions and more typical of concentrations in nutrient-impacted streams in this region. These 
substrates were added either as single spikes (C, N, and P) or as a combination (CNP and NP) 
immediately upon filling the bottles with stream water. The final carbon concentration added with 
the pond and bog DOM concentrates was 167 µM C and 125 µM C, respectively.  
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2.2.5 Field sampling  
Measurements of DO, pH and temperature (T) were taken on site with an YSI 
550A DO meter and an YSI 60 pH meter (YSI Incorporated, Yellow Springs, OH, USA), 
respectively. Dissolved oxygen measurements for the bottle incubations were conducted 
using an YSI-5100 DO probe with temperature compensation and stirring function (YSI 
Incorporated, Yellow Springs, OH, USA).  
Samples for TIC, DOC, G13CTIC, and G13CDOC analysis were collected from initial and 
final incubation bottles and dispensed into acid-cleaned, pre-combusted 40 mL amber 
glass vials and spiked with HgCl2 and H3PO4 (HPLC grade), respectively, and stored at 
Û&XQWLODQDO\VLVZLWKLQ7 days of collection. Samples for soluble reactive phosphorus 
(SRP), ammonium (NH4+), and nitrate (NO3-) were collected in clean 40 mL Falcon tubes 
and frozen until analysis. Samples for TDN were taken in acid-rinsed 60 mL HDPE 
Nalgene bottles and frozen until analysis. Samples for total dissolved phosphorus (TDP) 
analysis were collected in 100 mL amber glass bottles and preserved with sulphuric acid 
and stored at 4qC. Samples for absorbance measurements were taken in dark 60 mL 
HDPE Nalgene bottles and preserved with HgCl2 and stored at 4qC until analysis. All 
samples for DOC, SRP, NH4+, NO3-, TDN, and TDP quantification, as well as 
absorbance measurements were filtered through a pre-combusted microfiber glass filter 
(GF/F; Whatman) upon collection.  
 
2.2.6 Analytical methods  
Total inorganic carbon and DOC concentration and their G13C values were 
determined at the Memorial University Stable Isotope Laboratory using an AURORA 
1030 TOC analyzer (O.I. Analytical, College Station, Texas, USA) coupled to a MAT252 
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isotope ratio mass spectrometer (Finnigan, Bremen, Germany). Values for G13C are 
UHSRUWHGLQSHUPLOXQLWVÅXVLQJWKHLQWHUQDWLRQDOUHIHUHQFHVWDQGDUG9LHQQD3HH'HH
Belemnite (R = 0.011237) (Sulzman, 2007) 7KH DQDO\WLFDO SUHFLVLRQ ZDV Å IRU 
G13CTIC DQGÅIRUG13CDOC, and the maximum percent coefficient of variation was 1.1 
% for TIC and 0.6 % for DOC concentrations. 
 Total hydrolysable carbohydrate content was determined using sulphuric acid 
hydrolysis (Pakulski and Benner, 1992) and the MBTH (3-methyl-2-benzothiazolinone 
hydrochloride) method (Johnson and Sieburth, 1977) with glucose standards (D-
C6H12O6; Sigma Aldrich, St. Louis, MO, USA). Glucose equivalents as glucose-C was 
then used to express the proportion of carbohydrate-C in the DOM samples as a percent 
of total dissolved organic carbon. Aromatic to aliphatic (AR:AL) carbon ratios were 
determined from spectra derived from 13C {1H} CPMAS NMR spectroscopy using a 
Bruker AVANCE II 600 MHZ. These analyses were conducted using frequencies of 
600.33 MHz for 1H and for 13C, and a Bruker 3.2 mm MAS triple-tuned probe (H/F/C; 
Milton, ON, Canada). Samples were spun at 20 kHz and the temperature was 
maintained constant at 298 K. All experiments had a contact time of 2 ms and the 
Hartmann-Hahn condition was set at 62.5 kHz. 71680 scans were collected with a 2 s 
recycling delay. 13C chemical shifts were referenced to TMS with adamantane as an 
external secondary reference. Based on repeated scans of the same sample and 
repeated fit calculations to test the reproducibi lity of results, it was determined that a 
variation of 10 % in the relative contribution of functional groups or their ratios is 
significantly different.   
Soluble reactive P and NH4+ concentrations were analyzed with a Lachat FIA 8500 
inorganic nutrient analyzer (HACH, Loveland, CO, USA), using the molybdate blue 
colorimetric method (detection limit 0.32 µM P) and phenol-hypochlorite method 
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(detection limit 0.59 µM N), respectively. Nitrate samples were analyzed with a DX-100 
ion chromatograph (detection limit 0.057 µM N; DIONEX, Sunnyvale, CA, USA). Total 
dissolved N concentrations were determined using a high temperature combustion total 
organic carbon analyzer (Shimadzu TOC-V) with a chemiluminescent NOx detector 
(TNM-1; Shimadzu, Japan). Dissolved organic N was estimated by the difference 
between TDN and inorganic nitrogen (NH4+, NO3-). Molar C:N ratios of the DOM were 
calculated by dividing DOC by DON with both in µM units. Total dissolved P was 
determined by Maxxam Analytics (Bedford, NS, Canada) using the antimony-
phosphomolybdate calorimetric method (detection limit 0.64 µM P). 
Absorbance measurements were performed at wavelengths spanning 200 to 800 
nm using a UV/VIS scanning spectrometer (Lambda 25; Perkin Elmer, Waltham, MA, 
USA) and a 1 cm quartz cuvette, with NanoPure water as a blank. Results were used to 
calculate DOC normalized absorption coefficients a254* and a350* (Green and Blough, 
1994), absorption ratios a254:a350, as well as spectral slopes (S) for the wavelength 
intervals 275 to 295 nm (S275-295) and 350 to 400 nm (S350-400) (Helms et al., 2008). 
Freeze-dried biofilm and tile biomass samples were analyzed for elemental (%C, 
%N) and stable carbon isotope composition (G13C) at the Memorial University Stable 
Isotope Laboratory using a Carlo Erba NA1500 Series II elemental analyzer (Milan, Italy) 
interfaced with a Delta V Plus isotope ratio mass spectrometer (Thermo Fisher Scientific, 
Bremen, Germany). The analytical precision for the G13C was <0.2 Å, and <1.8 and <3.7 
% for the C and N content, respectively.  
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2.2.7 Statistical analyses  
Significance tests (t-tests) were conducted between initial, control, and final 
samples (D  0.05; AnalystSoft Inc., StatPlus:mac - Version 2009) to ascertain 
differences in DO, TIC, DOC, and nutrient concentrations. Non-significant changes were 
considered to be below detection. To test differences in respiration rates among the 
individual treatments, multiple comparisons were conducted using one-way analyses of 
variation (ANOVA) followed by post-KRF7XNH\¶V+RQHVWO\6LJQLILFDQW'LIIHUHQFH7+6'
tests (family wise error of D= 0.05).  
Water quality parameters, DOM, and biofilm (biomass) compositional 
characteristics as well as RBiofilm rates were assessed to determine how they varied with 
a) stream (site), b) in-stream location (intra-site; i.e. upstream vs. downstream), and c) 
season (temporal). Generalized linear models (GLM) were constructed to test inter-, 
intra-site, and temporal effects as well as their interactions (e.g. inter- by intra-site, inter- 
or intra-site by temporal and inter- by intra-site by temporal; JMP 8.0; SAS, NC, USA). 
The assumptions of homogeneous and normal error distribution were checked for each 
GLM by plotting residuals versus fits and by plotting residuals as probability plots 
(Lindsey, 1997). Respiration rates were not normally distributed and were therefore 
natural log-transformed (Sokal and Rohlf, 2012) and then found to meet the assumptions 
required in the GLMs. The data from GB-1, GB-2, and PB-3 were not included in these 
tests due to a lack of seasonal results from these sites. Further, due to a lack of data for 
carbohydrates and AR:AL ratios for the BFB sites, GLMs could not be constructed for 
these parameters. The GLMs were followed by a THSD test as a post-hoc test of all 
possible pair-wise effect comparisons in order to determine which level of each effect 
was in fact different from which others. 
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Pearson correlations with an D-level of 0.05 were used to test the potential role of 
T, DOM composition, and biofilm biomass in regulating RBiofilm. These correlations were 
conducted for potential use in interpreting the GLM results described above. Respiration 
rates were tested against T, DOC, DON, C:N ratio, DIN, a254, a350, a254:a350, S, and 
biofilm biomass. Likewise, tile biofilm biomass was tested against stream T, DOC, DON, 
C:N, DIN, TIC, and DO to investigate whether these parameters related to tile 
colonization.  
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2.3 Results 
2.3.1 Water quality characteristics  
Stream water temperature did not vary significantly among the streams tested (CF, 
BFB, PB, GB; p = 0.68), however, T did vary temporally (p < 0.01, F2 = 14.9), ranging 
between 14 and 19qC in summer and between 4 and 8qC in autumn (Table 2.2). 
Temperature also exhibited an intra-site by temporal effect (p = 0.01, F2 = 6.0) such that 
the upstream sites were typically 1.5qC warmer than the downstream locations in 
summer. This effect was likely due to the more extreme T differences between the 
landscape surface and groundwater features in the landscape and the greater terrestrial 
influence on the upstream versus downstream sites.  
Dissolved oxygen and TIC levels varied temporally (p < 0.01, F2 = 14.7 and 15.7, 
respectively), with DO concentrations ranging from 201 to 374 µM O2 in summer and 
from 273 to 527 µM O2 in autumn, and with TIC concentrations ranging from 360 to 1180 
µM C in summer and from 180 to 530 µM C in autumn. The pH values ranged between 5 
and 7, being highest at the most wetland-influenced sites (CF) and lowest at the 
coniferous forest stream sites (PB).  
Dissolved inorganic N levels exhibited an inter-site by temporal effect (p = 0.01, F2 
= 6.5). Highest values were recorded at the wetland-influenced sites (CF; Table 2.2). 
Specifically, NO3- concentrations ranged from 1 to 6 µM N for the wetland-influenced 
study sites (CF, BFB) and from 0.5 to 3 µM N at the forested stream sites (PB) and were 
considerably higher downstream relative to upstream in all streams. Further, NH4+ 
concentrations were below detection at CF and PB in summer and varied from 1.7 to 3.4 
µM N at BFB-1 and BFB-2 in summer, respectively. In autumn, NH4+ levels were below 
detection at PB and GB and ranged between 0.7 and 3.6 µM N at BFB and CF. Total P 
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and SRP levels were below detection for all sites and seasons, except at CF-1 and CF-2 
in autumn 2009 and summer 2010, where SRP levels were between 0.3 and 0.5 µM P. 
 
2.3.2 Dissolved organic matter quantity and composition  
Dissolved organic carbon concentrations varied among the study streams (inter-
site effect; p < 0.01, F2 = 25.5). These values ranged from 680 to 1200 µM C at the 
wetland-influenced sites (CF, BFB), with highest values recorded during the summer 
months, while samples collected at the forested stream sites (PB, GB) were generally 
lower and ranged from 320 to 610 µM C, with highest values observed in autumn (Table 
2.2). The G13CDOC of the DOM varied from -27.1 to -Å.  
Dissolved organic nitrogen concentrations ranged from 10 to 28 µM N, varying 
among streams tested (inter-site effect; p < 0.01, F2 = 11.7), with highest values recorded 
at the wetland-influenced sites (Table 2.2). The C:N of the DOM varied from 19 to 62 
(Table 2.2) and exhibited an inter-site by temporal effect (p < 0.01, F2 = 9.2). The lower 
C:N values were observed primarily at PB in the summer months, potentially due to 
autochthonous inputs from the pond upstream of PB-1. 
DOC normalized absorption coefficients a254* and a350* exhibited an inter-site by 
temporal effect (p = 0.01, F2 = 6.1 and p < 0.01, F2 = 9.2, respectively) and ranged from 
77 to 148 L mmol C-1 m-1 and from 18 to 36 L mmol C-1 m-1, respectively, with the highest 
values observed at the wetland-influenced sites (CF) and in autumn relative to summer 
(Appendix Table A2.1). Values measured in the summer were highest at CF, whereas 
values observed in autumn were also high at the forested stream sites (PB, GB) and 
comparable to CF. Spectral slopes varied temporally (p = 0.02, F2 = 5.8) and by intra-site 
(p = 0.01, F2 = 5.9), ranging from 6.2 to 7.9 µm-1 for S275-295 and from 5.8 to 8.6 µm-1 for 
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S350-400, with highest values generally associated with downstream sites and in autumn. 
Absorption ratios a254:a350, serving as indicators for the relative presence of low- versus 
high-molecular weight chromophoric dissolved organic matter (Helms et al., 2008), 
ranged from 3.9 to 5.2 and exhibited an inter- by intra-site effect (p = 0.04, F2 = 4.2) such 
that values were generally higher in the forested streams and downstream relative to 
upstream (Appendix Table A2.1).  
Carbohydrate content, relative to DOC, was highest at the wetland and pond-
influenced sites (CF-1, CF-2, PB-1), particularly in summer, but was lower at CF-1 and 
CF-2 in autumn (Appendix Table A2.1). The AR:AL of DOM was also highest at the 
wetland (CF-1 and CF-2) and pond-influenced sites (PB-1). AR:AL values varied between 
upstream and downstream sites and were considerably lower at PB-1 in autumn relative 
to the summer, whereas at CF these ratios were higher in autumn than in the summer 
(Appendix Table A2.1).   
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Table 2.2: Water chemistry parameters for temperature (T), dissolved oxygen (DO, given as 
concentration and saturated oxygen), dissolved inorganic nitrogen (DIN), dissolved organic carbon 
(DOC) and dissolved organic nitrogen (DON) concentrations, and molar C:N ratios. The T and 
discharge values were obtained from single in situ measurements while the remaining parameters 
are reported as the mean ± one standard deviation (n = 5). 
 
Site Season T DO DIN DOC DON C:N 
  qC µM O2 / % µM N µM C µM N  
        
CF-1 Summer 2009 18.5 362 / 129 1.1 960 25 39 
CF-1 Summer 2010 18.2 201 / 55 4.4 604 18 33 
CF-1 Autumn 2009 5.5 468 / 117 4.5 683 21 46 
        
CF-2 Summer 2009 16.6 374 / 123 1.1 1022 28 37 
CF-2 Summer 2010 18.0 234 / 57 5.9 590 14 43 
CF-2 Autumn 2009 5.5 495 / 117 3.4 695 26 40 
        
BFB-1 Summer 2008 15.9 297 / 97 5.3 1194 28 43 
BFB-1 Autumn 2008 8.3 308 / 85 4.0 930 15 62 
        
BFB-2 Summer 2008 14.4 338 / 105 2.5 675 22 31 
BFB-2 Autumn 2008 8.3 273 / 77 1.8 720 13 54 
        
PB-1 Summer 2009 19.5 306 / 107 0.5 320 16 19 
PB-1 Summer 2010 18.2 211 / 55 1.9 325 14 23 
PB-1 Autumn 2009 4.0 461 / 106 2.3 407 10 40 
        
PB-2 Summer 2009 17.9 310 / 104 2.5 363 15 24 
PB-2 Summer 2010 18.0 234 / 56 2.1 436 13 35 
PB-2 Autumn 2009 4.0 527 / 115 1.9 609 17 36 
        
PB-3 Summer 2010 18.0 222 / 55 1.1 585 17 34 
        
GB-1 Autumn 2009 5.5 502 / 129 2.9 555 12 47 
        
GB-2 Autumn 2009 5.5 517 / 129 3.7 419 18 23 
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2.3.3 Experimental tile biofilm biomass 
In the 2009 experiments, tile biofilm biomass, measured as total C content, varied 
temporally (p = 0.03, F2 = 4.7) and by inter- (p = 0.01, F2 = 6.5) and intra-site (p = 0.04, F2 
= 3.9). Tile colonization was highest at the wetland-influenced streams, particularly at the 
downstream site of CF in autumn. Elevated tile colonization in autumn relative to 
summer was also observed at the remaining wetland-influenced stream sites (BFB-1 and 
BFB-2), except at CF-1 where tile colonization was higher during the summer (Appendix 
Table A2.2). Such intra-site and temporal differences, however, were not evident at the 
forested stream sites. Tile biomass was significantly lower in summer 2010 than 
observed during the previous summer. In the 2009 experiments, tile N content exhibited 
an inter-site by temporal interaction (p = 0.02, F2 = 5.6) such that N biofilm content was 
highest at the forested stream sites in summer and at the wetland-influenced streams 
sites in autumn (Appendix Table A2.2). Tile biomass was positively, though weakly, 
correlated to stream DON (p = 0.04, R2 = 0.21) but not correlated (p > 0.14) to any other 
water chemistry parameters assessed in this study.  
 
2.3.4 Tile biofilm respiration within the Humber River Basin  
Tile biofilm respiration (RBiofilm) rates, measured as changes in DO and presented 
here as C consumption, exhibited inter- by intra-site (p = 0.0004, F2 = 12.5), inter-site by 
temporal (p < 0.0001, F2 = 45.1) and intra-site by temporal (p = 0.0013, F2 = 10.3) 
interactions. Additionally, RBiofilm rates were controlled by temperature within summer (p < 
0.0001, F2 = 18.8) and autumn (p = 0.0094, F2 = 6.7).  
In summer 2008 and 2009, RBiofilm rates were highest at the wetland-dominated 
sites (CF-1 and CF-2; both 10 µM C hr-1) and at the pond-influenced site (PB-1; 6 µM C 
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hr-1), coinciding with a higher water temperature (Table 2.2), whereas RBiofilm rates at the 
upstream (1.2 µM C hr-1) and downstream site (0.3 µM C hr-1) of BFB and at the 
downstream site of PB (0.7 µM C hr-1) were relatively low (Table 2.3). However, RBiofilm 
rates were significantly lower when repeating these experiments at CF and PB in the 
following summer (Table 2.3), likely due to the lower biofilm colonization compared to the 
previous year. As observed during the previous summer, RBiofilm rates were again highest 
at the pond (PB-1) and wetland-influenced sites in 2010 (e.g. CF-1). Autumn 2008 and 
2009 RBiofilm rates were significantly lower than in the summer 2008 and 2009 
experiments (Table 2.3), likely due to lower water temperatures. Contrary to the summer, 
RBiofilm rates were highest at BFB-2 and GB-1 (4 and 6 µM C hr-1, respectively) and 
lowest at PB-2 (0.4 µM C hr-1) and CF-1 (0.5 µM C hr-1) in autumn (Table 2.3). Overall, 
the RBiofilm rates normalized to biomass as well as RBiofilm normalized to DOC 
concentration followed the trend in the absolute respiration rates (Table 2.3).  
Considering all data from summer and autumn, RBiofilm rates were positively 
correlated to the initial DOC concentration, though DOC concentration only explained a 
minor fraction of the variation in RBiofilm (p = 0.03, R2 = 0.10). The a350* (p = 0.03, R2 = 
0.09) and S350-400 (p = 0.03, R2 = 0.09) were also positively but weakly correlated with 
RBiofilm and likely due to the correlation between DOC concentration and a350* (p = 0.05, 
R2 = 0.07) and S350-400 (p = 0.03, R2 = 0.10). The a254:a350 and S275-295 were also 
correlated with DOC (both p < 0.01, R2 = 0.27 and R2 = 0.24, respectively). These 
measures were almost significantly correlated to RBiofilm (p = 0.09 and 0.07, respectively) 
reflecting, again, a potentially weak correlation with RBiofilm. Further, RBiofilm rates were not 
correlated (p > 0.14) to any other biofilm or water chemistry parameters assessed in this 
study.  
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Table 2.3: Biofilm respiration rates in absolute terms (RBiofilm), normalized to dissolved 
organic carbon concentration (RBiofilm/DOC), and normalized to both biomass and DOC 
concentration (RBiofilm/DOC & Biomass). Respiration rates represent changes in 
dissolved oxygen and are presented here as carbon consumption, assuming a 
respiratory quotient of 1. Values correspond to averages of 5 experimental replicates ± 
one standard deviation. 
 
Site Season RBiofilm RBiofilm/DOC RBiofilm/DOC & 
Biomass 
  µM C hr-1 µM C hr
-1 mM 
DOC-1 
µM C hr-1 mM 
DOC-1 mM 
CBiomass-1 
           
CF-1 Summer 2009 10.1 ± 0.3 10.6 ± 0.4 118.1 ± 4.7 
CF-1 Summer 2010 0.7 ± 0.1 1.1 ± 0.1 19.3 ± 1.2 
CF-1 Autumn 2009 0.5 ± 0.1 0.7 ± 0.2 8.7 ± 2.3 
           
CF-2 Summer 2009 9.6 ± 0.1 9.4 ± 0.2 122.4 ± 4.1 
CF-2 Summer 2010 0.3 ± 0.1 0.5 ± 0.1 7.7 ± 2.1 
CF-2 Autumn 2009 1.8 ± 0.6 2.6 ± 0.9 10.8 ± 3.7 
           
BFB-1 Summer 2008 1.2 ± 0.1 1.0 ± 0.1 16.7 ± 2.2 
BFB-1 Autumn 2008 3.9 ± 0.8 4.2 ± 0.9 35.2 ± 7.6 
           
BFB-2 Summer 2008 0.3 ± 0.1 0.4 ± 0.1 7.0 ± 1.2 
BFB-2 Autumn 2008 2.3 ± 0.4 3.2 ± 0.5 43.0 ± 7.6 
           
PB-1 Summer 2009 6.0 ± 0.3 18.7 ± 2.5 240.1 ± 32.7 
PB-1 Summer 2010 0.8 ± 0.2 2.5 ± 0.6 40.1 ± 9.9 
PB-1 Autumn 2009 1.8 ± 0.1 4.3 ± 0.3 68.4 ± 5.2 
           
PB-2 Summer 2009 0.7 ± 0.1 2.0 ± 0.3 25.4 ± 3.4 
PB-2 Summer 2010 0.2 ± 0.1 0.4 ± 0.1 5.9 ± 1.5 
PB-2 Autumn 2009 0.4 ± 0.1 0.6 ± 0.1 11.9 ± 2.8 
           
PB-3 Summer 2010 0.5 ± 0.1 0.9 ± 0.1 10.8 ± 0.8 
           
GB-1 Autumn 2009 5.7 ± 0.1 10.3 ± 0.5 149.5 ± 7.7 
           
GB-2 Autumn 2009 1.9 ± 0.1 3.8 ± 0.3 60.3 ± 5.0 
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2.3.5 Response of biofilm respiration to labile C, N, P additions  
Increased RBiofilm, relative to the control respiration, occurred with inorganic N and 
P added in conjunction with C (CNP treatment) at the upstream sites of both BFB and 
CF in summer 2008 and 2009, respectively (p < 0.01; Fig. 2.3). Adding C, N, P, and NP 
alone did not affect RBiofilm at these sites. In contrast to the wetland-influenced sites, no 
significant differences were observed between control and treatment measurements at 
the upstream pond-influenced site (PB-1; Fig. 2.3). At the downstream sites of CF and 
BFB, increased RBiofilm rates were measured when adding solely glucose-C (C treatment; 
p = 0.01; Fig. 2.3) additionally to the CNP treatment effect (p < 0.01). At the downstream 
site of PB (PB-2), however, increased RBiofilm rates were measured with the addition of 
CNP only (p = 0.02), whereas adding C, N, P, and NP alone did not show a treatment 
effect at this site (Fig. 2.3). Respiration rates for the CNP treatments were significantly 
different from the remaining treatments (C, N, P, NP), except in BFB and at PB-2 where 
CNP was not significantly different from the glucose treatment (BFB-1: p = 0.28, BFB-2: 
p = 0.81, PB-2: p = 0.12). Aside from the CNP treatment, only the glucose treatment at 
CF-2 was significantly different from any other treatment in addition to the control.  
As seen in the 2008 and 2009 summer experiments, no treatment effect was 
observed within the addition experiments conducted in summer 2010 when adding N 
and P without an added source of C (Fig. 2.4). RBiofilm was co-limited by labile C, N, and 
P at CF-1 (p < 0.01), CF-2 (p < 0.01), as well as PB-2 (p = 0.02) and PB-3 (p < 0.01). 
Glucose stimulated RBiofilm at CF-1 (p < 0.01), CF-2 (p < 0.01) and PB-3 (p = 0.03; Fig. 
2.4). Again, congruent with the results from the previous year experiments, no treatment 
effect was noted when adding C, N, and P, in any combination, at the upstream site 
directly draining the headwater pond (PB-1; Fig. 2.4). 
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The respiration measured as part of the nutrient addition experiments conducted in 
autumn 2008 and 2009 exhibited a C, N, and P co-limitation (CNP treatment) only at PB-
1 (p = 0.01) and PB-2 (p = 0.02), and increased RBiofilm rates were measured following 
the addition of glucose-C only at PB-2 (C treatment; p = 0.03). The RBiofilm rates 
associated with the CNP treatments at both PB sites and the C treatment at PB-2 did not 
differ from any other treatments other than the control, likely due to the higher relative 
variation caused by lower RBiofilm rates at these sites. In contrast to summer, the addition 
of C, N, and P did not elicit a significant effect in any combination at either the upstream 
or downstream sites of CF, BFB, and GB in autumn (data not shown).  
In some cases, the pond and bog DOM additions elicited an increase in RBiofilm 
relative to the control (Fig. 2.4) though significantly reduced relative to the glucose 
treatment and often not significantly different from the NP treatments. At CF-1, RBiofilm 
increased with the addition of DOM concentrates from the pond (p = 0.02) and bog (p = 
0.03) and with the addition of N and P in conjunction with these C sources (p = 0.02; Fig. 
2.4). Respiration rates were similar for the pond +NP and bog +NP treatments, but were 
only about one third of the rates observed in the glucose +NP treatment.  
Respiration rates at the downstream sites of CF (CF-2; pond: p = 0.15; bog: p = 
0.12) and PB (PB-2; pond: p = 0.44; bog: p = 0.29) did not vary significantly relative to 
the treatments without the bog and pond DOM additions (Fig. 2.4). The addition of the 
pond and bog DOM in combination with N and P, however, elicited an increase in RBiofilm 
relative to the control at these sites (CF-2: p < 0.01 for pond/bog +NP; PB-2: p = 0.04 for 
pond +NP and p = 0.03 for bog +NP) as well as at PB-3 (p = 0.03 for pond +NP and p = 
0.01 for bog +NP; Fig. 2.4). The pond DOM also stimulated RBiofilm at PB-3 (p = 0.01). 
The increase in RBiofilm rates in the glucose +NP treatment relative to the control was 
approximately twice as high relative to the bog/pond +NP treatments at PB-2 and PB-3, 
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and roughly four times higher at CF-2. The glucose +NP treatments exhibited significant 
differences in RBiofilm relative to all other treatments (p < 0.01 in all instances), except at 
PB-2 where the RBiofilm rates within the CNP treatments were not significantly different 
from the bog (p = 0.06), bog +NP (p = 0.32), and pond +NP treatments (p = 0.26), and at 
PB-3 where the glucose +NP treatments were not significantly different from the bog 
+NP (p = 0.07) and pond +NP treatments (p = 0.77). The RBiofilm rates associated with 
the glucose treatment were significantly different from the other treatments in addition to 
the control (p < 0.01 for all treatments) only at the CF-2 site. In all other instances where 
a C treatment effect was observed (CF-1, PB-3), the RBiofilm rates of the C treatments 
were significantly different from the CNP treatments, but did not differ from the remaining 
treatments (bog, pond, bog +NP, pond +NP, NP).  
The addition of glucose (p = 0.26), pond (p = 0.28) and bog DOM (p = 0.37), either 
added alone or combined with inorganic N and P (p = 0.27 for glucose +NP, p= 0.40 for 
pond +NP, and p = 0.30 for bog +NP), did not elicit a treatment effect at PB-1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Chapter 2 Page 33 of 51	  
 
Figure 2.3: Biofilm respiration rates (RBiofilm) provided as the ratio of treatment to control for labile substrate addition experiments at 3\QQ¶V%URRN
(PB) and Crooked Feeder (CF) in summer 2009, and at Big Falls Brook (BFB) in summer 2008. Substrate additions included glucose, ammonium 
nitrate (N), and potassium phosphate (P). Values correspond to the mean of five replicates r one standard deviation. Results of the generalized 
linear model tests of the absolute RBiofilm associated with each treatment are provided with asterisks as * p < 0.05, ** p < 0.01, *** p < 0.001 relative 
to the control (no additions). ResXOWVIURPWKH7XNH\¶V+RQHVWO\6LJQLILFDQW'LIIHUHQFHWHVWVIRUWKHDEVROXWH5Biofilm associated with each treatment 
are provided by lower case letters (a, b, c), where only those treatments designated with different letters were found to be significantly different. 
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Figure 2.4: Biofilm respiration rates (RBiofilm) provided as the ratio of treatment to control for the 
ambient dissolved organic matter (DOM) addition experiments along a transect of 3\QQ¶V%URRN
(PB-1, PB-2, and PB-3) and at two sites at Crooked Feeder (CF-1 and CF-2) in summer 2010. 
Substrate additions included bog DOM, pond DOM, glucose, ammonium nitrate (N), and 
potassium phosphate (P). Values correspond to the mean of five replicates r one standard 
deviation. Results of the generalized linear model tests of the RBiofilm associated with each 
treatment are provided with asterisks as * p < 0.05, ** p < 0.01, *** p < 0.001 relative to the control 
(no additions). 5HVXOWV IURP WKH 7XNH\¶V +RQHVWO\ 6LJQLILFDQW 'LIIHUHQFH WHVWV IRU WKH DEVROXWH
RBiofilm associated with each treatment are provided by lower case letters (a, b, c), where only 
those treatments designated with different letters were found to be significantly different. 	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2.3.6 Effect of glucose amendment on biofilm respiration of stream DOC  
The added glucose associated with the substrate addition experiments either (1) 
increased RBiofilm at the expense of the mineralization of ambient stream DOC (RDOC) or 
(2) enhanced biofilm RDOC. From the nine instances across all summer experiments 
conducted where added glucose increased total respiration (CF-1, CF-2, BFB-1, BFB-2, 
PB-2, PB-3), only the CNP treatment from CF-1 and CF-2 in summer 2009 exhibited a 
significant difference between RDOC and the associated control respiration (Rcontrol; Table 
2.4; CF-1: p = 0.01, CF-2: p < 0.01), signifying an effect of the added glucose on RDOC. 
However, RDOC was not different from RGlucose (Table 2.4; CF-1: p = 0.39, CF-2: p = 0.07), 
but considerably lower than the respective control measurements (Rcontrol; Table 2.4; CF-
1: p = 0.01, CF-2: p < 0.01). These results indicate preferential microbial mineralization 
of labile C in the form of glucose at CF-1 and CF-2 when N and P were available, rather 
than a stimulation of the mineralization of stream DOC.  
In autumn 2009, the addition of glucose-C appeared to have stimulated microbial 
respiration of stream DOC at CF-1 and CF-2, whereas the addition of CNP or any other 
treatments did not exhibit differences between RDOC and Rcontrol. For the glucose-only 
treatment the rate of glucose-C respired was low at both CF-1 and CF-2, while RDOC was 
not significantly different (CF-1: p = 0.41, CF-2: p = 0.11) from Rtotal (Table 2.4). The Rtotal 
and RDOC for the glucose only treatments at these two sites, however, were significantly 
higher than the control treatments (below detection, p < 0.01), indicating a stimulation of 
RDOC equivalent to an increase of >40 % and >50 % in the respiration of extant stream 
DOC at CF-1 and CF-2, respectively. 
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Table 2.4: Effect of glucose amendment on biofilm respiration of stream dissolved organic carbon (DOC) at Crooked Feeder 
upstream (CF-1) and downstream (CF-2) in summer and autumn. In summer, only the glucose-carbon (C) + nitrogen (N) and 
phosphorus (P) treatment exhibited a significant difference between the respiration of ambient stream DOC (RDOC) and the 
associated control respiration (Rcontrol), whereas in autumn the addition of glucose-C appeared to have stimulated microbial 
respiration of stream DOC. The amount of total carbon respired is expressed as Rtotal, and the amount of glucose-C respired as 
RGlucose. Values correspond to changes in total inorganic carbon and refer to 5 experimental replicates r one standard deviation. 
BD: Below detection. 
 
Site/Season Treatment Rcontrol Rtotal RGlucose RDOC 
  µM C hr-1 µM C hr-1 µM C hr-1 µM C hr-1 
      
CF-1 Summer Glucose-C +NP 1.04 r 0.31 1.41 r 0.22  0.69 r 0.08  0.72 r 0.24 
CF-2 Summer Glucose-C +NP 1.93 r 0.27  2.23 r 0.21  1.03 r 0.04  1.20 r 0.22 
      
CF-1 Autumn Glucose-C BD 0.42 r 0.01 0.01 0.41 r 0.01  
CF-2 Autumn Glucose-C BD 0.60 r 0.08  0.01 0.53 r 0.09  
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2.4 Discussion  
Biofilm respiration and its response to labile C, N, and P varied spatially and 
temporally in the Humber River Basin, suggesting boreal headwater stream responses to 
environmental change vary and depend upon DOM source and composition. Biofilms in 
streams located adjacent to ponds and within wetland-dominated catchments exhibited 
higher rates of RBiofilm relative to biofilms from forested catchments, contrasting with the 
lack of such variation in bacterioplankton respiration in other boreal catchments 
(Berggren et al., 2007). Intra-stream differences in respiration and responses to 
substrate additions observed in this study, however, suggest a combination of landscape 
DOM source and potential in-stream processing may influence the mineralization of 
DOM by stream biofilms. The use of the natural DOM additions in our experiments 
provided more direct evidence of higher lability of bog and pond sources of DOM 
compared with forested stream DOM in these catchments. The stream RBiofilm 
heterogeneity and the varied response of extant stream DOC mineralization (RDOC) to 
labile C addition suggest they were regulated by DOM composition and the availability of 
N and P. While adding glucose typically had no effect on RDOC across the study sites, 
differential effects at the most active sites suggest labile substrates, analogous with algal 
inputs, can have opposing effects on the fate of stream DOM. Labile substrate additions 
both competed as a source of energy and/or stimulated the incorporation rather than 
mineralization of the more N and P-rich extant stream DOM and caused a priming effect 
and stimulated the mineralization of extant DOM when RBiofilm was lower and DOM more 
aromatic. The lack of response to added inorganic N and P indicates that priming effects 
on DOM mineralization in these streams was primarily generated by labile C inputs to 
the most developed biofilms.  
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2.4.1 Catchment and sub-catchment scale variation in biofilm respiration 
Spatial and temporal variation in RBiofilm and DOM composition were captured in 
these experiments and suggest landscape inputs and in-stream processing can regulate 
losses of stream DOM via RBiofilm. Biofilm respiration weakly correlated with DOC 
concentration and biofilm biomass weakly correlated with DON concentration such that 
highest biomass and RBiofilm were associated with the wetland-influenced sites. These 
sites also exhibited the highest DOC and DON concentrations and aromaticity. DON and 
DOC concentrations, however, explained a small proportion of the variation in biomass 
and RBiofilm, respectively, indicating other factors such as temperature and DOM 
composition likely regulated biofilm activity and potential for losses of DOM in this 
landscape.  
Grouping RBiofilm results by temperature suggests catchment composition and 
associated DOM and its chemistry likely played a role in RBiofilm variation across these 
sites. Elevated biofilm biomass and RBiofilm at the wetland and pond-influenced sites 
relative to the forested stream sites, particularly in summer, was congruent with variation 
in DON concentration and DOM carbohydrate content among these sites. These data 
emphasize how organic matter contributions from wetlands can be an important energy 
source for aquatic food webs (Wetzel, 1992; Mulholland, 1997; Fellman et al., 2008) and 
potentially more so than forest inputs (Fellman et al., 2008). In boreal catchments, 
however, this energy may simply be lost via respiration given our observations of RBiofilm 
coupled with lower stream water bacterial growth efficiencies documented in other mire 
versus forest-dominated boreal catchments (Berggren et al., 2007).  
Landscape and temporal variation in microbial activity, as observed in other boreal 
catchments likely fueled by discrete DOM inputs (Naiman et al., 1987; Fisk et al., 2003; 
Berggren et al., 2009a), suggest greater potential for mineralization of DOM from 
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deciduous forest and pond-influenced sites in these catchments. The forested streams 
exhibited seasonal variation in RBiofilm, likely fueled by changes in DOM concentration 
and composition observed and associated with the increased discharge and defoliation 
during autumn relative to summer as noted in other boreal catchments (Laudon et al., 
2004). Increased input of fresh deciduous leaf litter leachate, often considered an 
important stream DOM source in temperate systems (McDowell and Fisher, 1976; 
Kaplan and Bott, 1983; Meyer et al., 1998), likely supported the elevated RBiofilm at the 
most deciduous-dominated site. The high respiration rates at the pond-influenced site, 
however, coincided with greater DOM carbohydrate content and higher biofilm G13C in 
summer (Appendix Tables A2.1 and A2.2) indicative of autochthonous DOM from the 
headwater pond located directly upstream and its incorporation at this site (France, 
1995; Karlsson et al., 2003; Kritzberg et al., 2004). Autochthonous C sources are 
typically less abundant in humic-rich systems likely due to rapid consumption. 
Decreased DOM bioavailability coupled with the changes in DOM composition reflective 
of increased allochthonous inputs, such as increased C:N and aromaticity and 
decreased carbohydrate content, reflect this rapid loss of autochthonous C downstream 
of PB-1. The lack of response to the addition of C, N, and/or P observed at pond-
influenced PB-1 contrasts with these downstream sites where additions (pond DOM, 
glucose) stimulated RBiofilm. In combination, these results indicate that elevated microbial 
activity in the pond influenced PB-1 site was likely fueled by sources of labile C (i.e. 
carbohydrates) (Olapade and Leff, 2005; Wilcox et al., 2005). 
 
 
 
 Chapter 2 Page 40 of 51	  
2.4.2 The role of inorganic N and P availability in regulating boreal stream biofilm 
respiration 
Increases in N and P levels caused by changes in landscape composition due to 
climate change or anthropogenic impacts (Schindler et al., 1996; Mattsson et al., 2005; 
Kreutzweiser et al., 2008) may not only increase more labile, autochthonous sources of 
DOM (Mallin et al., 2004) but alter the fate of both autochthonous and allochthonous 
DOM in these boreal streams. Results here suggest the mineralization, and therefore 
fate, of more complex stream DOM in response to increased N and P differs markedly 
from more labile substrates analogous to autochthonous sources such as exudates.  
Even at sites where dissolved organic C and biofilm biomass was elevated, the addition 
of N and P did not elicit an increase in DOM mineralization ± only the mineralization of 
the labile glucose congruent with other studies where increased inorganic N supply led 
to an increased microbial demand for labile C (Berggren et al., 2007; Lutz et al., 2011). 
Mineralization of labile C sources by stream biofilms is typically linked to N and P 
availability (Reche et al., 1998; Gulis and Suberkropp, 2003; Stelzer et al., 2003) with 
the addition of labile C and stimulation of microbial activity leading to depletion of either 
N or P or both (Francoeur, 2001; Bernhardt and Likens, 2002; Tank and Dodds, 2003).  
The preferential use of the labile glucose, in the presence of added N and P, over 
the extant stream DOM may have been due to a reduced need for N and P from the 
more complex DOM, which likely requires greater energy to access (e.g. enzyme 
production). The biofilms may be able to extract energy from the added glucose and 
produce DON (or DOP) from DIN (or DIP) when inorganic nutrients are increased while 
simultaneously inhibiting the mineralization of DOM (Kaushal and Lewis, 2005). In this 
study, the added glucose at the most wetland-influenced sites in summer reduced extant 
stream DOM mineralization but increased the overall C mineralization supported by the 
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added glucose when N and P were simultaneously added. The few instances where C 
limitation was observed with the addition of solely glucose or DOM concentrates, for 
example at CF and BFB, coincided with higher stream water DIN concentrations relative 
to other seasons, or other sites during the same season, or both. This further suggests 
increased inorganic N supply likely aids in increased microbial mineralization of more 
labile C substrates preferentially over more complex DOM. 
In these boreal catchments, where DON is the major form of N as noted in other 
similar systems (Stepanauskas et al., 2000; Moore, 2009), inorganic nutrient 
concentrations were low and may result in heterotrophic biofilms more adept at utilizing 
organic N and P. Although previous studies have shown that some stream 
microorganisms take up DIN preferentially (Kaushal and Lewis, 2005) when DIN 
availability is low, DON can play a specific role in regulating organic matter 
mineralization (Neff et al., 2003; Kaushal and Lewis, 2005). The correlation between 
biofilm biomass development and stream DON concentration observed here signifies the 
potential role of DON in regulating heterotrophic biofilms and their activity in these 
streams. This may have been a factor contributing to the lack of response to the 
inorganic N and P additions in these biofilms. 
Contrasting with the lack of response of RBiofilm to the added inorganic N and P in 
this study, a number of temperate, boreal, and arctic lake studies typically found 
bacterioplankton growth and/or community respiration was limited by inorganic N and/or 
P availability (Hessen et al., 1994; Jansson et al., 1996; Vrede et al., 1999; Carlsson and 
Caron, 2001; Graneli et al., 2004; Smith and Prairie, 2004). In these other studies, 
however, the extant stream nutrient concentrations were typically at least 10-fold higher 
(e.g. 50 ± 100 µM N) than those in this study with the actual additions also proportionally 
higher than those used here (e.g. N: 5 ± 10x higher). This suggests that microbial 
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respiration can be stimulated by N or P due to transient exposure to higher levels of 
inorganic N and P, but typically when previous exposure to N and P is high unlike in 
these study streams. To address this further, similar studies need to be conducted in 
boreal streams having a history of nutrient enrichment. In such systems, where biofilm 
exposure and resulting adaption have taken place, the more complex interactions 
among different functional groups (e.g. autotrophs and heterotrophs) not investigated 
here can be accounted for in an assessment of stream DOM fate.  
 
2.2.3 Little evidence for a priming effect on biofilm mineralization of boreal stream 
DOM 
Increased access to labile C sources, such as algal exudates made available 
through primary production, can at times stimulate the mineralization of more complex 
allochthonous stream DOM (Guenet et al., 2010). Using 13C as a tracer for the added 
glucose in these experiments, we found that the mineralization of boreal stream DOM 
was typically not influenced by the glucose additions, with or without NP. In fact, stream 
DOM mineralization was reduced with the addition of glucose at the most wetland-
influenced sites in summer. However, of all 19 experiments conducted, we observed that 
adding solely glucose at the two most wetland-influenced sites in autumn stimulated the 
mineralization of ambient stream DOM indicating this type of priming effect is rare in the 
stream biofilms of this region. The fact that the priming effect only occurred in the 
absence of added N and P suggests that the mineralization of stream DOM can be an 
important mechanism used by biofilms to obtain N and P. This further suggests the 
mineralization of DOM in response to new labile substrates greatly depends upon 
nutrient availability likely due to changes in microbial growth efficiencies with nutrient 
availability (del Giorgio and Cole, 1998; Smith and Prairie, 2004; Berggren et al., 2007). 
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Analogous to results from temperate streams (Bernhardt and Likens, 2002; Ziegler and 
Brisco, 2004; Lane et al., 2012), these findings suggest that heterotrophic microbial 
response to catchment nutrient enrichment may become limited by bioavailable C in 
boreal streams despite the elevated DOM typical of these systems. Furthermore, results 
here suggest increased labile DOM sources that may come with nutrient enrichment may 
not simply lead to increased mineralization of more complex stream DOM sources. 
Interactive effects of DOM composition and biofilm development or structure need to be 
considered. 
Changes in DOM composition indicative of a decrease in lability in autumn relative 
to summer are congruent with the stimulation of its mineralization with the added glucose 
in the wetland-dominated sites in autumn. Lower DOM concentrations were observed at 
the wetland sites in autumn relative to summer, and DOM present in autumn exhibited a 
greater aromaticity based upon greater AR:AL ratios and a254 (McKnight et al., 1994; 
McKnight and Aiken, 1998; Weishaar et al., 2003) and a lower carbohydrate content, 
suggesting a lower bioavailability compared to summer. In summer, rather lower C:N 
and greater carbohydrate content suggests greater DOM lability that likely contributed to 
the lack of a priming effect from the added glucose. Greater biofilm biomass, particularly 
at the downstream site of the most wetland-influenced stream in autumn, signifies 
greater biofilm development and likely a more complex composition, for example a larger 
presence of fungi (Lane et al., 2012). More complex biofilms can incorporate a wider 
array of substrate types and exhibit greater metabolic capabilities (Battin et al., 2003a; 
Artigas et al., 2011; Lane et al., 2012), potentially enabling processes responsible for 
priming effects as noted in other systems and observed here in the wetland-dominated 
sites. These DOM and biofilm characteristics may have enabled the stimulation of the 
uptake of relatively slow turnover organic matter observed in autumn at these more 
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wetland-dominated sites. Further study is required to tie DOM composition to the overall 
impact of priming effects on boreal stream biofilm activity and DOM mineralization. 
In this study of boreal stream DOM mineralization by heterotrophic biofilms, we 
found evidence for differential effects of added N and P on more complex versus simple, 
labile organic substrates. These effects suggest that increased nutrient enrichment may 
increase losses of more labile versus more complex substrates in these streams. This 
differential loss, however, may be altered by priming effects fueled by increased labile 
organic substrates with nutrient enrichment. The limited evidence for such priming 
effects in this study suggests the need for similar studies in long-term nutrient-impacted 
systems, where biofilm communities have developed in response to elevated 
concentrations of inorganic N and P and where C limitation may be more prevalent.  
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Abstract 
This study aimed to investigate how stream heterotrophic biofilm mineralization of 
dissolved organic carbon (DOC) was impacted by nutrient enrichment and how this 
impact may vary between boreal and temperate streams and with variation in DOC 
attributed to hydrological regime. Increased biofilm respiration (RBiofilm) rates were 
associated with lower DOC concentrations at the nutrient-rich boreal sites. This suggests 
algal inputs and greater mineralization and perhaps incorporation of these labile carbon 
(C) sources by the more active microbial communities play a significant role in these 
stream reaches relative to streams with lower nutrient concentrations. This labile C 
mineralization, however, may not effectively stimulate extant DOC mineralization 
analogous to a priming effect, at least not through water column labile inputs. Further, 
RBiofilm was significantly higher in the temperate streams compared to the boreal sites, 
however, despite the differences in RBiofilm rates between the two regions, the biofilms 
responded similarly to the substrate additions. In particular, RBiofilm generally increased 
when adding labile C, regardless of region. At the sites with lower nutrient concentrations 
we found a C, nitrogen (N), and phosphorus (P) co-limitation and observed a lack of 
response in RBiofilm when adding C, N, P separately. The sites already elevated in N and 
P, however, exhibited an increase in RBiofilm with the added C and CNP, and a lack of 
response when adding solely N and/or P. These findings suggest that nutrient 
enrichment may increase the capacity of biofilms to use and mineralize labile C 
substrates in headwater streams. The potential importance of nutrients in regulating 
microbial activity was further highlighted during a stormflow experiment, when changes 
in hydrology led to lower RBiofilm presumably due to the reduction of N and P 
concentrations.  
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3.1 Introduction 
Headwater streams are typically dominated by terrestrial allochthonous dissolved 
organic matter sources, and were often thought to simply transport that organic matter 
(Wipfli et al., 2007). However, headwater streams are now recognized as key 
components of watershed biogeochemical cycling. Due to the high active microbial 
surface area relative to water volume, headwater streams are characterized by high 
microbial activity including processes such as transformation of organic matter and CO2 
flux (Peterson et al., 2001; Alexander et al., 2007). In boreal streams, such processing is 
largely driven by heterotrophic biofilm microbial communities due to high dissolved 
organic carbon (DOC) concentrations (Aitkenhead and McDowell, 2000; Pastor et al., 
2003), limited light availability, and low rates of primary production in these ecosystems 
(Tranvik, 1988, 1989; Jansson et al., 2000; Jonsson et al., 2001; Agren et al., 2008). In 
lower DOC systems more typical of temperate regions, however, algal-produced or 
autochthonous substrates can also play a vital role (Carr et al., 2005). Nutrient levels 
often regulate algal biomass (Tank and Dodds, 2003), and consequently affect the 
production of labile autochthonous substrates and transfer through the aquatic food web, 
and influence DOC pools and carbon cycling in headwater streams.  
The biogeochemical cycling of DOC is potentially sensitive to anthropogenic 
alteration, particularly changes in watershed hydrology, vegetation, and associated 
changes in DOC and nutrient concentrations (Findlay et al., 2001; Findlay, 2005; Arango 
and Tank, 2008). Such changes may alter the fate of both autochthonous and 
allochthonous dissolved organic matter through interactive effects on microbial activity 
and aquatic nutrient transport (Bernhardt and Likens, 2002; Stelzer et al., 2003; Olapade 
and Leff, 2005). Increased loadings of bioavailable DOC into nutrient-rich waters, for 
example, can occur as a result of increased algal biomass and primary production (Meon 
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and Kirchman, 2001; Dodds et al., 2002). This often results in enhanced microbial 
metabolism, including high respiration and subsequent increases in the demand for 
nitrogen and/or phosphorus (Francoeur, 2001; Bernhardt and Likens, 2002; Tank and 
Dodds, 2003), leading to a reduced downstream nutrient transport. A greater availability 
of labile DOC sources can also increase the degradation of more slow turnover organic 
matter (Franke et al., 2013) and may contribute to CO2 emissions from terrestrially 
derived DOC (Guenet et al., 2010; Bianchi, 2011), particularly in boreal aquatic 
ecosystems. Further, enhanced microbial metabolism results in the release of organic 
nutrients, and leads to stoichiometric imbalances of nutrient ratios (C:N:P) between 
microorganisms and their energy source (Frost et al., 2002; Frost et al., 2005). This 
influences not only microbial growth and reproduction, but also higher organisms in the 
food web, such as benthic grazers, that depend on microorganisms as their food source, 
leading to altered food web structure and function (Dodds et al., 2004; Frost et al., 
2005). Microbial activity can also lead to a transformation of DOC into more slow 
turnover compounds, resulting in a lower bioavailability for downstream microbial 
communities (Sun et al., 1997; Hopkinson et al., 1998). Likewise, labile nitrogen 
compounds can be consumed rapidly by microorganisms and converted into more slow 
turnover substrates, affecting nitrogen uptake rates further downstream (Dodds et al., 
2004).  
Dissolved organic carbon and nutrient concentrations are often correlated with 
discharge (McDowell and Likens, 1988; McDiffett et al., 1989; Hinton et al., 1997). 
Changes in carbon and nutrient levels can, therefore, also occur during stormflow 
events, typically resulting in increased DOC and dissolved organic nitrogen (DON) 
concentrations, and contributions of more bioavailable, less degraded terrestrial organic 
matter (e.g. carbohydrates), often followed by greater microbial activity relative to 
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baseflow (Wondzell and Swanson, 1996; Gremm and Kaplan, 1998; Stepanauskas et 
al., 2000; Buffam et al., 2001; Sanderman et al., 2009). However, some studies 
conducted in watersheds with high DOC concentrations also showed a decrease in 
carbohydrate content during stormflow, followed by lower microbial activity (Meyer et al., 
1988). Such factors affecting the amount, composition, and bioavailability of DOC and 
nutrients can be important for controlling the degradation of organic matter, ecosystem 
productivity, and, thus, biogeochemical cycling of carbon and nutrients.  
Investigating the relationship between microbial DOC cycling under changing DOC 
and nutrient conditions will increase our understanding of carbon and nutrient cycling in 
headwater streams and the potential impacts of environmental change on these 
dynamics. Stream biofilm respiration represents one important fate of DOC and, 
therefore, a useful measure for determining the potential influence of nutrients on the net 
mineralization of more complex stream DOC versus labile substrates such as glucose or 
autochthonous C sources. To elucidate the impact of long-term nutrient enrichment on 
the heterotrophic microbial mineralization of DOC, substrate addition experiments were 
conducted in three historically nutrient-impacted boreal headwater streams in eastern 
Newfoundland, Canada. These boreal stream results were compared to similar results 
from four temperate streams representing a nutrient gradient typical of temperate 
streams in North America (Lyon and Ziegler, 2009) to assess large scale regional 
variation in these effects. Results from these experiments were collectively assessed to 
investigate how nutrient enrichment and DOC character influences stream biofilm 
respiration and the factors limiting stream biofilm respiration.  
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3.2 Methods 
3.2.1 Study sites  
 To gain a better understanding of the impact of long-term nutrient enrichment on 
heterotrophic microbial mineralization of DOC in boreal headwater streams, we 
conducted manipulative substrate addition experiments, previously accomplished in a 
relatively pristine boreal watershed (Franke et al., 2013), within more urban nutrient-
HQULFKHG VWUHDP VLWHV 7KUHH ERUHDO VWUHDPV LQFOXGLQJ /HDU\¶V %URRN /%:DWHUIRUG
River (WR), and Virginia River (VR) on the Northeast Avalon Peninsula in 
Newfoundland, Canada, were chosen. The upstream sites of LB and VR are influenced 
by forest (e.g. balsam fir (Abies balsamea); forest floor: broom moss (Dicranum 
scoparium) and feathermoss (Ptilium)) and wetland (bogs and fens) cover (WQMA, 
2012) and represent relatively unimpacted sites. The stream flow continues through the 
FLW\RI6W-RKQ¶VZKHUHPDLQURDGVLQGXVWULDOSDUNVDQGDJULFXOture have a major impact 
on the downstream water quality (Table 3.1). Waterford River originates at Bremigans 
Pond, a remote area west of the city. However, the Trans-Canada-Highway and other 
main roads may influence the upstream site of WR. The downstream location of WR is 
influenced by the drainage of waste water as well as inputs of septic sludge, waste oil, 
and chemicals from a waste disposal site located nearby (WQMA, 2012). Sampling and 
experiments were conducted at upstream and downstream sites in summer 2009 during 
baseflow in all three streams, and additionally during stormflow at VR-1 and VR-2 to 
capture base- versus stormflow conditions in order to provide further contrast in stream 
water and dissolved organic matter chemistry. 
The sites upstream and downstream of nutrient impacts on the Northeast Avalon 
Peninsula in Newfoundland were compared to two pairs of temperate streams 
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(Northwest Arkansas region of the Ozark Plateau, USA), where each pair represented 
sites with similar catchment characteristics but contrasting nutrient enrichment. Four 
headwater streams were investigated, including Cecil Creek (CC), Mill Creek (MC), 
Spavinaw Creek (SC), and Columbia Hollow (CH). These streams are influenced by 
forest cover, pasture, and low-density urban development (Lyon and Ziegler, 2009). 
Cecil Creek and Mill Creek are tributaries of the Buffalo National River. Cecil Creek is 
relatively pristine, whereas Mill Creek receives high nutrient loadings from agricultural 
land use (Mott et al., 2000). Spavinaw Creek and Columbia Hollow are part of the Lake 
Eucha±Spavinaw Basin, an important drinking water supply in Northeast Oklahoma. 
These streams are highly impacted by agriculture; mainly pasture with a high density of 
poultry houses (Haggard et al., 2001; Haggard et al., 2005). All research sites were 
located in forested areas, except CH, which was located in pasture with only a few small 
trees in its riparian zone. Sampling and experiments were conducted in fall 2006 at 
baseflow conditions. 
  
3.2.2 Experimental approach  
 Substrate addition experiments were conducted at each of the six stream sites on 
the Northeast Avalon Peninsula in summer 2009, identical to those outlined in Franke et 
al., 2013 (Chapter 2). Additionally, similar experiments were performed at the four 
stream sites in the Ozarks in fall 2006. All experiments were carried out in replicate 300 
mL biological oxygen demand (BOD) bottles, filled with stream water from each site, and 
with two heterotrophic biofilm colonized tiles (ceramic, 10 x 47 x 5 mm, total biofilm 
surface area of ~30 cm2) added per bottle. Due to the high bacterial cell abundance in 
CH and SC (2.1 x 106 r 8.8 x 104 cells mL-1 and 8.9 x 104 r 5.4 x 103 cell mL-1, 
respectively), the stream water used in the Ozark experiments was filtered sequentially 
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through 10, 1, 0.2, and 0.1 µm cartridge filters. Bacterial cell numbers decreased after 
filtration (1.1 x 106 r 1.7 x 104 cells mL-1 at CH and 3.4 x 104 r 1.5 x 103 cell mL-1 at SC). 
Bacterial cell numbers were very low at MC and CC (only one cell for every 25 ± 50 
grids).	  
The labile substrates used in these experiments were glucose (C), ammonium 
nitrate (N), and potassium phosphate (P), added as 1 mL additions to each bottle to 
achieve final concentrations of 83 µM C, 18 µM N, and 3 µM P in the boreal streams. 
The glucose-C additions resulted in levels roughly 12 to 35 % of ambient stream DOC 
concentrations to assure stimulation of the use of C while remaining relative to adequate 
N:P ratios typical of concentrations found at the nutrient-impacted stream sites in this 
region. The substrates used in the Ozark streams were added to achieve final 
concentrations of 60 µM C at CC, MC, SC, and 120 µM C at CH, as well as 15 µM N and 
1.5 µM P at CC and MC, and 60 µM N and 6 µM P at SC and CH, respectively, providing 
adequate labile C and the appropriate ratio of N:P across these streams, which range in 
over an order of magnitude in terms of inorganic nutrient concentrations (Table 3.1). In 
the case of CC and MC, where nutrients and DOC are fairly low, the addition of DOC 
was likely in excess of labile C in any of these streams (>50 % total DOC pool). The 
higher addition of glucose at CH was based on the elevated autotrophic activity in this 
stream, which likely entails a greater input of labile C substrates (Haggard et al., 2005; 
Lyon and Ziegler, 2009) in addition to the elevated DOC at this site. Substrates were 
added either as single spikes (C, N, and P), or as a combination (CN, CP, CNP, NP). 
The bottles from the experiments conducted in the boreal streams were incubated for 24 
hours in a dark water bath (NesLab, Thermo Scientific, Waltham, MA, USA) in the 
laboratory at a constant water temperature of 15.5qC. The bottles from the experiments 
conducted in the Ozarks were incubated simultaneously at one site in the dark at a 
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temperature of 22 ± 1qC. To assess treatment effects on heterotrophic microbial activity, 
respiration rates, as microbial oxygen uptake, were measured using an YSI-5100 
dissolved oxygen (DO) probe (YSI Incorporated, Yellow Springs, OH, USA). Respiration 
rates are presented here as carbon consumption in units µM C hr-1, assuming a 
respiratory quotient of 1 (del Giorgio et al., 1997; del Giorgio and Cole, 1998). 
Additionally, biofilm respiration (RBiofilm) rates were normalized to DOC concentration (µM 
C hr-1 mM DOC-1), and to DOC concentration and biofilm biomass (µM C hr-1 mM DOC-1 
mM Cbiomass-1) to assess the variation in DOC and biofilm-specific rates across the study 
sites investigated. Biofilm biomass data were not collected during the experiments in the 
Ozarks, so RBiofilm were only normalized to DOC concentration (µM C hr-1 mM DOC-1). In 
the boreal streams, however, tiles from each experiment were collected individually in 
clean plastic bags, immediately frozen and freeze-dried (Labconco, Kansas City, MO, 
USA), and used for biomass analysis as outlined in Franke et al., 2013. Additionally, 
epilithic stream biofilm material was collected at each stream site, shell-frozen, and 
freeze-dried. Further, DOC and nutrient uptake were measured as changes in dissolved 
inorganic nitrogen (DIN) and soluble reactive phosphorus (SRP). Respiration rates, as 
well as DOC and nutrient uptake rates were compared with control treatments where no 
substrates have been added.  
 In addition to the assessment of variation in labile C, N, and P limitation of 
heterotrophic biofilm respiration, the influence of labile C on the mineralization of extant 
stream DOC (RDOC) was determined by using 13C-ODEHOHGJOXFRVHÅ'-Glucose-
13C6; Sigma Aldrich, St. Louis, MO, USA), identical to those experiments described in 
detail in Franke et al., 2013. To address whether labile C stimulated the respiration of 
ambient stream DOC analogous to a priming effect, we determined the net amount of 
glucose that was respired during each experiment where glucose was added. The 
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difference between the total respiration (Rtotal) and glucose C respired (RGlucose) in the 
glucose treated incubations was then compared with the respiration from the treatments 
without glucose additions (Rcontrol; Franke et al., 2013). 
 
3.2.3 Analytical methods 
 Tile and stream biofilm material collected during the experiments was analyzed for 
stable carbon and nitrogen isotopic composition (G13C, G15N) and biomass (%C, %N) with 
a Carlo Erba NA1500 Series II elemental analyzer (Milan, Italy) interfaced with a 
MAT252 isotope ratio mass spectrometer (Finnigan, Bremen, Germany). Epilithic stream 
biofilm chlorophyll content was determined by extracting lyophilized biofilm samples in 
90 % acetone followed by centrifugation and absorbance measurements at wavelengths 
of 430, 630, 647, 664, 750 nm using a UV/VIS Spectrometer (Lambda 25; Perkin Elmer, 
Waltham, MA, USA) and acetone as a blank. Previous comparisons between freshly 
frozen and freeze-dried biofilms yield no significant difference in chlorophyll content (D. 
Lyon, unpublished data). 
Analyses for TIC and DOC concentrations, as well as G13CTIC and G13CDOC, were 
conducted within 10 days of sampling using an AURORA 1030 TOC analyzer (O.I. 
Analytical, College Station, Texas, USA) coupled to a MAT252 isotope ratio mass 
spectrometer (Finnigan, Bremen, Germany). Total dissolved phosphorus (TDP), SRP 
and ammonium (NH4+) concentrations were measured with a Lachat FIA 8500 inorganic 
nutrient analyzer (detection limits: 0.64 µM P, 0.32 µM P, 0.59 µM N, respectively; 
HACH, Loveland, CO, USA). Nitrate (NO3-) samples were analyzed with a DX-100 ion 
chromatograph (detection limit: 0.057 µM N; DIONEX, Sunnyvale, CA, USA). Samples 
for total dissolved nitrogen (TDN) were analyzed using a high temperature combustion 
total organic carbon analyzer (Shimadzu TOC-V) with a chemiluminescent NOx detector 
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(TNM-1; Shimadzu, Japan). Dissolved organic nitrogen was estimated from the 
difference between TDN and total inorganic nitrogen (NH4+, NO3-). 
Spectral measurements were performed at wavelengths spanning 200 to 800 nm 
using a UV/VIS scanning spectrometer (Lambda 25; Perkin Elmer, Waltham, MA, USA) 
and a 1 cm quartz cuvette, with NanoPure-UV water as a blank.  
 
3.2.4 Statistical analyses  
Significance tests were conducted between initial, control, and final samples with 
an Dvalue of 0.05 (AnalystSoft Inc., StatPlus:mac - Version 2009) to ascertain 
differences in DO, TIC, DOC, and nutrient concentrations. Non-significant changes were 
considered to be below detection. To determine whether RBiofilm rates measured in the 
boreal streams may have varied with site (inter-site effect) and in-stream (intra-site 
effect) location, generalized linear models (GLM) were constructed to test these effects, 
as well as their interactions (JMP 8.0; SAS, NC, USA). To test differences in RBiofilm rates 
among the individual treatments (C, CNP, CN, CP, N, P, NP), multiple comparisons were 
conducted using one-way analyses of variation (ANOVA) followed by post-KRF7XNH\¶V
Honest Significant Difference tests (family wise error of D= 0.05). Furthermore, Pearson 
correlations with an D-level of 0.05 were used to test the potential role of DOC and 
nutrient concentrations and biofilm biomass in regulating RBiofilm rates. Respiration rates 
were tested against DOC, DON, DIN, and ± in case of the boreal streams ± biofilm C 
and N content. 
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3.3 Results 
3.3.1 Water chemistry ± Boreal versus temperate streams  
In the boreal streams, ambient stream water temperature was between 15 and 
16qC at all study sites, with all the boreal experiments conducted at 15.5qC. The Ozark 
streams water temperatures varied between 18 and 25qC, with all the experiments 
conducted at 22 ± 1qC. Dissolved oxygen concentrations ranged from 310 to 400 µM O2 
in both boreal and Ozark streams, and were higher downstream relative to upstream in 
the boreal streams (Table 3.1).   
Dissolved organic carbon concentrations varied from 420 to 690 µM C at the 
upstream sites of the boreal streams, and from 200 to 250 µM C at the downstream sites 
LB-2 and VR-2, whereas WR-2 exhibited DOC concentrations of up to 500 µM C (Table 
3.1). The higher DOC concentrations at the upstream sites at VR and LB were likely due 
to large organic matter inputs from wetlands or ponds located upstream of the study 
sites. DOC concentrations were significantly lower (70 ± 115 µM C) in the Ozark 
streams, except at CH (430 µM C; Table 3.1). DOC normalized absorption coefficients 
a254, often used as indicators for DOM aromaticity (Weishaar et al., 2003), varied from 
119 to 145 L mmol C-1 m-1 at the upstream sites, and from 65 to 89 L mmol C-1 m-1 at the 
boreal downstream sites and at the temperate stream sites. DOC normalized absorption 
coefficients a350 ranged from 33 to 40 L mmol C-1 m-1 at the upstream sites, and from 3 to 
18 L mmol C-1 m-1 at the boreal downstream sites and at the temperate stream sites. 
This suggests aromatic content of the DOC was relatively higher upstream compared to 
the boreal downstream and temperate stream sites. Absorption ratios a254:a350 were 
increased at the boreal downstream and temperate stream sites compared to the boreal 
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upstream sites, indicating a higher relative presence of low molecular weight DOC 
downstream in the boreal streams and in the temperate streams.  
Dissolved organic nitrogen concentrations varied from 11 to 18 µM N at the 
upstream sites, and from 12 to 50 µM N at the downstream sites of the boreal streams 
(Table 3.1). Dissolved inorganic nitrogen levels ranged from 1 to 3 µM N upstream, and 
from 10 to 19 µM N downstream (Table 3.1). SRP levels were below detection at all 
boreal stream sites (<0.3 µM P). Total P concentrations were below detection (<0.6 µM 
P) at all upstream sites, and ranged from 1 to 3 µM P at the downstream sites (Table 
3.1). A significant reduction in N and P concentrations was observed at VR-2 during 
stormflow relative to baseflow (Table 3.1). Both DIN and SRP concentrations were 
considerably higher at the study sites in the Ozarks compared to the values measured in 
the boreal streams. DIN concentrations at CH, for example, were as high as 1376 µM N, 
which accounted for the total N content at this site (Table 3.1). SRP levels varied from 
0.1 µM P at CC and MC, to 1.1 and 3.1 µM P at SC and CH, respectively (Table 3.1). 
 
3.3.2 Geochemical characterization of epilithic stream biofilm communities on site 
The boreal stream biofilm communities found on site exhibited C:N ratios between 
5.0 and 6.7 ± contrasting  to the higher biofilm C:N of 7.3 to 19.5 measured in the Ozark 
streams (Lyon and Ziegler, 2009) ± G13C values from -31.2 to -ÅDQGG15N values 
EHWZHHQDQGÅW\SLFDORIIUHVKZDWHUDXWRWURSKV(Fry, 1991; Hamilton and Lewis, 
1992; Kendall et al., 2001). Biofilm C content ranged from 47 to 55 wt.%, and N content 
varied from 9 to 11 wt.%. Both C and N content were higher downstream compared to 
upstream. 
Chlorophyll a content varied between 59 and 75 % (0.02 ± 2.51 µg chl mg C-1) of 
the total chlorophyll content, and was higher downstream relative to upstream in the 
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boreal streams. Chlorophyll b ranged from 12 to 25 % (0.01 ± 0.41 µg chl mg C-1), and 
chlorophyll c varied from 6 to 17 % (0.01 ± 0.45 µg chl mg C-1), both being higher 
upstream than downstream. In contrast, total biofilm chlorophyll content in the Ozark 
streams ranged from 2.8 µg chl mg C-1 in CC to 19.9 µg chl mg C-1 in CH, with chl a 
varying from 75 to 79 %, chl b from 11 to 16 %, and chl c from 6 to 12 % of the total 
chlorophyll content (Lyon and Ziegler, 2009).  
 
3.3.3 Geochemical characterization of the tile biofilm communities  
Heterotrophic biofilm biomass colonized on the tiles collected in the boreal streams 
and measured as C and N content was generally higher at the downstream sites relative 
to upstream (Table 3.2). Biofilm C content varied from 2.7 to 6.6 µmol C per tile among 
most of the study sites, except at the downstream site of LB-2, where biofilm C content 
was significantly higher (18.5 µmol C per tile) compared to all other sites (Table 3.2). 
Likewise, biofilm N content ranged from 0.2 to 0.9 µmol N per tile among the study sites, 
whereas biofilm N content at LB-2 was 3.4 µmol N. Also, tile biofilm biomass was slightly 
reduced at the downstream site of VR when collected for the stormflow experiments, 
whereas tile biomass was more than two times lower at the upstream site during 
stormflow relative to baseflow. Reflecting the tile biofilm C and N content, the tile biofilm 
C:N ratios were higher upstream (12 ± 14) compared to downstream (5 ± 10). This may 
suggest the incorporation of more allochthonous DOC sources upstream and 
autochthonous sources and/or perhaps greater availability of N and P downstream. Tile 
biomass was not determined for the Ozark stream tiles. 
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Table 3.1: Initial water chemistry parameters at Leary's Brook (LB), Waterford River 
(WR), and Virginia River (VR), with 1 representing a relatively unimpacted upstream site, 
and 2 representing a nutrient-enriched downstream site of each stream, as well as Cecil 
Creek (CC), Mill Creek (MC), Spavinaw Creek (SC), and Columbia Hollow (CH). 
Measurements were taken for total inorganic carbon (TIC), dissolved oxygen (DO), 
dissolved organic carbon (DOC), dissolved organic (DON) and inorganic nitrogen (DIN), 
total dissolved (TDP) and soluble reactive phosphorus (SRP) concentrations. Values 
correspond to averages of five replicates derived from initial bottles used in the 
experiments. BD: Below detection. 
 
Site Event TIC DO DOC DON DIN TDP SRP 
  µM C µM O2 µM C µM N µM N µM P µM P 
         
Boreal streams 
         
LB-1 Baseflow 108 330 686 18.1 0.9 BD BD 
LB-2 Baseflow 213 331 246 12.7 19.1 0.9 BD 
         
WR-1 Baseflow 232 313 423 11.5 3.1 BD BD 
WR-2 Baseflow 300 359 497 45.7 18.0 2.8 BD 
         
VR-1 Baseflow 178 344 423 12.7 0.7 BD BD 
VR-2 Baseflow 443 385 211 48.5 19.1 0.9 BD 
         
VR-1 Stormflow 181 325 558 11.8 0.6 BD BD 
VR-2 Stormflow 370 354 206 27.2 9.7 BD BD 
                 
Ozark streams 
         
CC Baseflow - 375 113 6 BD - 0.1 
MC Baseflow - 399 104 14 59 - 0.1 
SC Baseflow - 335 70 38 206 - 1.1 
CH Baseflow - 356 428 BD 1376 - 3.1 
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Table 3.2: Seasonal description of the biofilm communities on the tiles (10 x 47 x 5 mm), 
particularly stable carbon isotope composition (G13C), total carbon (C) and nitrogen (N) 
content, and biofilm C:N ratios. Prior to analysis, freeze-dried tiles were sonicated in 100 
mL NanoPure water for approximately 4 hours at room temperature. The water was filtered 
through a pre-combusted quartz filter (0.45 µM pore size) and distributed equally into 
duplicate, acid-cleaned, pre-combusted 40 mL amber glass vials, and spiked with H3PO4. 
Values correspond to averages of five replicates derived from initial bottles used in the 
experiments r one standard deviation.  
 
Site Event G13C C biomass N biomass Biofilm C:N 
  Å µmol C per tile µmol N per tile  
      
LB-1 Baseflow -28.7 r 0.6 6.7 r 0.14 0.5 r 0.012 14 r 0.1 
LB-2 Baseflow -26.7 r 0.3 18.5 r 0.34 3.5 r 0.016 5 r 0.4 
      
WR-1 Baseflow -25.3 r 0.8 4.2 r 0.06 0.3 r 0.006 13 r 0.5 
WR-2 Baseflow -25.0 r 0.8 5.9 r 0.21 0.6 r 0.004 10 r 0.1 
      
VR-1 Baseflow -29.4 r 0.6 6.5 r 0.09 0.4 r 0.005 15 r 0.1 
VR-2 Baseflow -32.0 r 0.5 4.5 r 0.14 0.9 r 0.005 5 r 0.1 
      
VR-1 Stormflow -26.4 r 0.5 2.7 r 0.02 0.2 r 0.003 12 r 0.1 
VR-2 Stormflow -26.1 r 0.4 4.1 r 0.04 0.7 r 0.004 5 r 0.5 
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3.3.4 Heterotrophic biofilm respiration and DOC mineralization under changing 
DOC and nutrient conditions 
In the boreal streams, heterotrophic RBiofilm rates, measured as changes in DO and 
reported as C consumption units, exhibited an inter- (p = 0.01, F2 = 6.7) and intra-site 
effect (p < 0.01, F2 = 20.0), and were low at the upstream sites of VR and LB (below 
detection and 0.2 r 0.1 µM C hr-1, respectively) and greater at the downstream sites (0.9 
r 0.1 µM C hr-1 and 1.7 r 0.2 µM C hr-1, respectively). Respiration rates (RBiofilm) at the 
upstream and downstream sites of WR did not differ significantly from each other (0.7 r 
0.1 µM C hr-1 at WR-1, 0.8 r 0.2 µM C hr-1 at WR-2). Heterotrophic RBiofilm rates 
measured in the Ozark streams were considerably higher than the ones observed in the 
boreal streams and varied from 1.8 to 2.2 µM C hr-1 at CC, MC, and SC, and from 9.6 to 
11.1 µM C hr-1 at CH. The RBiofilm rates measured in the boreal streams were negatively 
correlated with stream DOC concentration (p < 0.01, R2 = 0.43, F2 = 11.3). Further, the 
RBiofilm rates measured in the boreal streams were positively but weakly correlated with 
initial DON (p = 0.01, R2 = 0.03, F2 = 6.9) and DIN (p = 0.01, R2 = 0.12, F2 = 6.3) 
concentrations, suggesting that nutrients play an important role controlling the biofilm 
microbial activity and use of DOC in these streams. Furthermore, RBiofilm rates measured 
in the boreal streams were correlated with biofilm biomass (C content: p = 0.03, R2 = 
0.57; N content: p < 0.01, R2 = 0.73). The RBiofilm rates measured in the Ozark streams 
were positively correlated with DOC (p < 0.01, R2 = 0.95), DIN (p < 0.01, R2 = 0.93), and 
SRP concentration (p < 0.01, R2 = 0.75).  
The RBiofilm rates normalized to the initial DOC concentration varied from below 
detection at VR-1 and 0.3 µM C hr-1 mM DOC-1  at LB-1 to 4.0 µM C hr-1 mM DOC-1  and 
6.7 µM C hr-1 mM DOC-1  at VR-2 and LB-2, respectively. DOC normalized RBiofilm rates at 
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both sites of WR ranged between 1.5 and 1.7 µM C hr-1 mM DOC-1. DOC normalized 
RBiofilm rates measured in the Ozark streams were, again, considerably higher than the 
ones observed in the boreal streams and fell within the small range between 18.2 and 
24.2 µM C hr-1 mM DOC-1. 
Biofilm respiration rates normalized to DOC concentration and biomass varied 
from 2.2 µM C hr-1 mM DOC-1 mM Cbiomass-1 at LB-1 to 49.7 µM C hr-1 mM DOC-1 mM 
Cbiomass-1 at VR-2, whereupon rates at LB-2, WR-1 and WR-2 did not vary much from 
each other (12.9 ± 19.6 µM C hr-1 mM DOC-1 mM Cbiomass-1). The reduction of N and P 
concentrations (Table 3.1) and lower RBiofilm rates during stormflow indicate a decreased 
DOC bioavailability at VR-2 during stormflow (18 µM C hr-1 mM DOC-1 mM Cbiomass-1) 
relative to baseflow (50 µM C hr-1 mM DOC-1 mM Cbiomass-1). At VR-1, however, increased 
DOC concentrations during the stormflow event coincided with an increase in the 
normalized RBiofilm rates (7 µM C hr-1 mM DOC-1 mM Cbiomass-1) relative to baseflow (below 
detection). 
 
3.3.5 Carbon and nutrient limitation of biofilm DOC mineralization 
Substrate addition experiments conducted in the urban boreal streams revealed a 
microbial C, N, and P co-limitation based on RBiofilm at the upstream sites of VR and LB 
(p < 0.01 relative to control). The upstream site of WR, however, exhibited a labile C (p = 
0.01) and P limitation (p = 0.02; Fig. 3.1). At LB-1, the RBiofilm rates associated with the 
CNP treatment were not significantly different from the RBiofilm rates of all other 
treatments (C/P/NP: p = 0.42, N: p = 0.21). At WR-1, RBiofilm rates associated with the P 
treatment were not significantly different from the RBiofilm rates of all other treatments (C: 
p = 0.11, CNP: p = 0.18, N: p = 0.99, NP: p = 0.85) were not significant. Further, a labile 
C limitation was observed at all nutrient-impacted downstream sites (p < 0.01), indicating 
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that heterotrophic RBiofilm may be limited by labile C when inorganic nutrients are more 
available. Congruent with this, the addition of inorganic N and P additionally to the 
ambient nutrient levels already present did not show an effect at VR-2, LB-2, and WR-2 
(Fig. 3.1). A C and CNP treatment effect was observed at LB-2 (p < 0.01 relative to 
control and all other treatments). However, C and CNP effects were not significantly 
different (p = 0.62) from each other. At WR-2, a significant difference was observed 
between the CNP and N (p = 0.03), P (p = 0.04), and NP (p = 0.05), but not between C 
and CNP (p = 0.88) treatments. Also, the C treatment effect was not significantly 
different from the N (p = 0.24), P (p = 0.31), or NP (p = 0.34) treatment effects. The 
changing nutrient levels and potential variation in DOC bioavailability at VR-2 during 
stormflow led to an increased C and CNP limitation (approximately three times higher) 
relative to baseflow, and also caused the N and P limitation (Fig. 3.2), which was not 
observed during baseflow. 
Similarly to the results from the nutrient-enriched boreal downstream sites, 
substrate addition experiments conducted in the Ozark streams revealed a strong labile 
C limitation at three of the four sites (MC, SC, CH; Fig. 3.3). RBiofilm rates increased at 
MC when adding C in conjunction with N (CN treatment), P (CP treatment), and both 
(CNP treatment), indicating a C and P co-limitation (Fig. 3.3). Significant differences 
were observed among C, CN, CP, CNP and all other treatments at MC (p < 0.001) and 
CH (p < 0.001; Fig. 3.3). At SC, a significant difference was observed between CN, CNP 
and N, P, and NP (p = 0.01 ± 0.04), however, not between C and CP and all other 
treatments (Fig. 3.3). Further, at the lowest nutrient site CC, increased RBiofilm rates were 
observed with the addition of CN and CNP, suggesting a strong C and N co-limitation 
and, to a smaller extent, a C, N, and P co-limitation (Fig. 3.3). A significant difference 
was observed between CN as well as CNP and all other treatments (p < 0.001 for all 
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treatments; Fig. 3.3). No treatment effect was observed at any of the study sites when 
adding N and P without sources of labile C (N, P, NP; Fig. 3.3).  
Dissolved organic carbon uptake rates, measured in the control and treatment 
bottles, were below detection at both sites of VR and WR. Net DOC uptake rates, 
determined in the control bottles, were 1.7 r 0.1 and 0.3 r 0.02 µM C hr-1 at LB-1 and 
LB-2, respectively. Increased DOC uptake rates (2.1 ± 2.7 µM C hr-1) were observed 
with the addition of C and CNP at LB-1 and LB-2 (Fig. 3.4), as well as with the addition 
of P at LB-1, suggesting that the biofilm community may be limited by C and P. Nutrient 
uptake rates were below detection at all the boreal study sites. Further, net DOC uptake 
rates, determined in the control bottles, were below detection at CC, MC, and SC, and 
were 0.4 r 0.2 µM C hr-1 at CH (Fig. 3.4). The DOC, DIN, and SRP uptake rates 
measured in the Ozark streams reflected the C and nutrient limitation pattern observed 
in the RBiofilm. Increased net uptake rates were observed following the addition of C 
(alone and in combination with N and/or P) at CH and SC (Fig. 3.4), however, uptake 
rates were significantly lower at SC (BD ± 4.1 µM C hr-1, 0.2 ± 0.7 µM N hr-1, 0.03 ± 0.05 
µM P hr-1) compared to CH (BD ± 9.2 µM C hr-1, 6.9 ± 8.8 µM N hr-1, 0.1 µM P hr-1). 
Biofilms at MC were co-limited by C and P, in part congruent with the RBiofilm results. 
Increased DOC uptake rates (relative to the control) were observed at MC when adding 
C in conjunction with P (CP treatment; Fig. 3.4), and DIN and SRP uptake was only 
measurable in the CP and CNP treatment (0.3 ± 0.4 µM N hr-1, 0.03 µM P hr-1). At CC, 
increased DOC uptake rates (relative to the control) were observed when adding C in 
conjunction with N (CN and CNP treatments), and, to a lesser extent, with P (CP and 
CNP treatments; Fig. 3.4). The N and P uptake rates, however, were only measureable 
in the CNP treatment (0.3 µM N hr-1, 0.03 µM P hr-1). These results suggest that the 
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biofilm community present at CC may be co-limited by C and N, and, though of smaller 
importance, by P. 
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Figure 3.1: Ratio of treatment to control biofilm respiration rates (RBiofilm) IRUVXEVWUDWHDGGLWLRQH[SHULPHQWVDW/HDU\¶V%URRN/%:DWHUIRUG5LYHU
(WR), and Virginia River (VR). Substrate additions included glucose (C), ammonium nitrate (N), and potassium phosphate (P). Values correspond to 
the mean of five experimental replicates r one standard deviation. Results of the generalized linear model tests of absolute RBiofilm associated with 
HDFKWUHDWPHQWDUHSURYLGHGZLWKDVWHULVNVDVSUHODWLYHWRWKHFRQWUROQRDGGLWLRQV5HVXOWVIURPWKH7XNH\¶V+RQestly Significant Difference 
tests for the absolute RBiofilm associated with each treatment are provided by lower case letters (a, b), where only those treatments designated with 
different letters were found to be significantly different. 
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Figure 3.2: Ratio of treatment to control biofilm respiration rates (RBiofilm) for substrate addition 
experiments at Virginia River downstream (VR-2) during baseflow and stormflow. Substrate 
additions included glucose (C), ammonium nitrate (N), and potassium phosphate (P). Values 
correspond to the mean of five replicates r one standard deviation. Results of the generalized 
linear model tests of absolute RBiofilm associated with each treatment are provided with asterisks 
DVSUHODWLYHWRWKHFRQWUROQRDGGLWLRQV5HVXOWVIURPWKH7XNH\¶V+RQHVWO\6LJQLILFDQW
Difference tests for the absolute RBiofilm associated with each treatment are provided by lower 
case letters (a, b), where only those treatments designated with different letters were found to be 
significantly different. 
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Figure 3.3: Ratio of treatment to control biofilm respiration rates (RBiofilm) for substrate addition 
experiments paired by watersheds and along a nutrient gradient in the Ozarks ± Cecil Creek 
(CC), Mill Creek (MC), Spavinaw Creek (SC), and Columbia Hollow (CH). Substrate additions 
included glucose (C), ammonium nitrate (N), and potassium phosphate (P). Values correspond to 
the mean of five replicates r one standard deviation. Results of the generalized linear model tests 
of absolute RBiofilm associated with each treatment are provided with asterisks as * p < 0.05 
UHODWLYH WR WKH FRQWURO QR DGGLWLRQV 5HVXOWV IURP WKH 7XNH\¶V +RQHVWO\ 6LJQLILFDQW 'LIIHUHQFH
tests for the absolute RBiofilm associated with each treatment are provided by lower case letters (a, 
b, c), where only those treatments designated with different letters were found to be significantly 
different. 
 
Chapter 3 Page 25 of 40	  
 
Figure 3.4 'LVVROYHG RUJDQLF FDUERQ '2& XSWDNH UDWHV GXULQJ VXEVWUDWH DGGLWLRQ H[SHULPHQWV DW /HDU\¶V %URRN XSVWUHDP /%-1) and 
downstream (LB-2), Cecil Creek (CC), Mill Creek (MC), Spavinaw Creek (SC), and Columbia Hollow (CH), measured as control (no additions) and 
in the carbon (C), nitrogen (N), and phosphorus (P) treatments. All other boreal sites were not included in this figure since DOC uptake was below 
detection. BD: Below detection. NA: Not applicable.  
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3.3.6 Effect of glucose amendment on biofilm respiration of extant boreal stream 
DOC  
The influence of labile C, with and without added inorganic N and P, on the 
mineralization of extant boreal stream DOC (RDOC) was investigated by determining 
changes in the G13C of the TIC and comparing the rate of glucose C respired (RGlucose) 
during the incubation to the respiration rates from the treatments without glucose 
additions (Rcontrol). The respiration of extant stream DOC (RDOC) was calculated as the 
difference between total respiration (Rtotal) and RGlucose in the glucose treated incubations. 
RDOC was then compared with Rcontrol to determine whether the added glucose competed 
with stream DOC as a source of energy or enabled a priming effect that stimulated the 
mineralization of stream DOC. Although Rcontrol was measureable across all sites using 
DO and across four of six study sites using TIC measurements, RDOC was below 
detection across all sites within all treatments that included glucose, except at LB-1 in 
the C treatment (though not significantly different from Rcontrol), signifying low R rates for 
extant DOC (Table 3.3). At the upstream sites, most R rates, based upon changes in 
TIC, were below detection with the only measureable rates for LB-1 across all treatments 
and CNP for VR-1. The addition of glucose, with or without added N and P, did not affect 
biofilm respiration at LB-1 and WR-1 (Table 3.3). At VR-1, however, the addition of 
glucose stimulated Rtotal in the CNP treatment, but not RDOC, indicating that the increase 
in R was solely fueled by the added glucose (Table 3.3). In particular, RGlucose was not 
significantly different from Rtotal and RDOC was below detection in the CNP treatment, 
whereas Rtotal was below detection in the solely C treatment and NP only treatment at 
VR-1 (Table 3.3). At the downstream sites, R rates based upon TIC production were all 
detectable, but neither C or CNP treatments lead to increased RDOC (Table 3.3), rather R 
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was fueled, again, primarily by the added glucose-C in both the C and CNP treatments, 
and labile glucose was used preferentially relative to the ambient DOC. 
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Table 3.3: Respiration rates (µM C hr-1) from the treatments without glucose additions (Rcontrol), as well as total 
respiration (Rtotal) and glucose carbon respired (RGlucose) in the glucose treated incubations at Leary's Brook (LB), 
Waterford River (WR), and Virginia River (VR). Values correspond to averages of five replicates ± one standard 
deviation. BD: Below detection.  
  
Site   C treatment  CNP treatment 
  Rcontrol  Rtotal RGlucose RDOC  Rtotal RGlucose RDOC 
          
LB-1 0.13 ± 0.03  0.17 ± 0.08 0.03 ± 0.01 0.13 ± 0.08  0.19 ± 0.05 0.13 ± 0.01 BD 
WR-1 BD  BD BD BD  BD BD BD 
VR-1 BD  BD BD BD  0.34 ± 0.01 0.37 ± 0.02 BD 
          
LB-2 0.37 ± 0.07  0.78 ± 0.01 0.66 ± 0.09 BD  0.59 ± 0.02 0.61 ± 0.05 BD 
WR-2 0.15 ± 0.03  0.22 ± 0.03 0.32 ± 0.03 BD  0.30 ± 0.10 0.35 ± 0.05 BD 
VR-2 0.26 ± 0.05  1.15 ± 0.01 1.07 ± 0.09 BD  0.99 ± 0.24 1.09 ± 0.16 BD 
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3.4 Discussion 
Elucidating the potential influence of nutrients on the net mineralization of more 
complex stream DOC versus labile substrates such as glucose or autochthonous C 
sources provides some predictive understanding of C and nutrient cycling in headwater 
streams. Such knowledge is useful when trying to understand how headwater streams 
will respond and adapt to altered nutrient regimes due to human activities and/or climate 
change. Thus, the aim of this study was to investigate how variation in nutrient 
enrichment and DOC character influences the stoichiometric (CNP) limitations of 
heterotrophic biofilm respiration in both boreal and temperate regions. The intention was 
to determine whether differences in patterns of labile C, N, and/or P limitation with 
nutrient enrichment are common across these regions.  
Biofilm respiration measured in both the boreal and temperate streams studied 
here was correlated with DOC and nutrient concentrations but in ways suggested of 
different controls. Greater RBiofilm rates were measured with lower DOC and higher 
nutrient concentrations in the boreal streams, suggesting higher nutrient concentrations 
may lead to increased autochthonous C inputs, which may stimulate RBiofilm. Further, 
RBiofilm was significantly higher in the temperate streams compared to the boreal sites, 
however, despite the differences in RBiofilm rates between the two regions, the biofilms 
responded similarly to the substrate additions, i.e. RBiofilm generally increased when 
adding labile C, regardless of region. The CNP co-limitation and C limitation patterns 
generally observed at the nutrient-poor sites and the NP-rich sites, respectively, suggest 
that nutrient enrichment may increase the capacity of biofilms to use and mineralize 
labile C substrates in headwater streams. This labile C mineralization, however, may not 
effectively stimulate extant DOC mineralization, at least not through water column labile 
inputs. Combined, these findings suggest algal inputs and the greater incorporation of 
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these sources by the more active microbial communities may play a significant role in 
the nutrient-rich stream reaches relative to streams with lower nutrient concentrations. 
 
3.4.1 Evidence for the impact of biofilm activity on stream DOC and its 
dependence upon N and P availability 
The correlations and patterns observed for RBiofilm measured in these boreal and 
temperate streams suggest stream biofilms can have an important role in regulating 
DOC concentration and that this role is influenced by nutrient availability. The RBiofilm 
rates measured in the boreal streams were higher at the downstream sites relative to 
upstream, congruent with lower DOC and higher nutrient concentrations downstream. 
This coincided with the lower aromatic content of the DOC and a higher relative 
presence of low molecular weight chromophoric DOC (measured as increased a254:a350) 
downstream compared to the upstream sites of these streams. Furthermore, the higher 
tile biofilm C:N ratios upstream compared to downstream suggest the incorporation of 
more allochthonous DOC sources upstream and autochthonous sources and/or perhaps 
greater availability of N and P downstream. Further, the RBiofilm rates determined in the 
boreal streams were considerably lower compared to the temperate streams, again, 
coinciding with generally lower DOC concentrations and higher nutrient levels in 
combination with the likely higher biomass and temperature in the temperate streams 
compared to the boreal streams. The lower DOC concentrations could be associated 
with the lower organic matter content in the soils adjacent to the temperate study sites in 
contrast to the high organic matter content in soils typical of boreal stream watersheds 
(Schlesinger, 1984). The negative correlation between RBiofilm and DOC concentration 
observed within the boreal streams and when comparing boreal versus temperate 
streams may suggest co-correlation effects such as greater nutrient concentrations 
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leading to increased autochthonous inputs and, thus, stimulated RBiofilm. The RBiofilm rates 
measured within the temperate streams, however, were positively correlated with DOC ± 
in line with other studies (e.g. Bernhardt and Likens, 2002; Franke et al., 2013) ± and, 
again, increased with higher nutrient levels. Long-term nutrient enrichment at the 
downstream boreal sites as well as in the temperate streams may have led to higher 
biofilm colonization (biomass) and, thus, a greater proportion of DOC mineralized 
relative to the unimpacted sites. Combined, these findings suggest that microbial 
respiration can be stimulated by transient exposure to N and/or P, and/or by increased 
availability of autochthonous C sources potentially due to higher nutrient levels, and 
highlight the importance of nutrients and likely labile autochthonous C sources in 
regulating RBiofilm in these stream reaches.  
The potential importance of nutrients and labile C sources in regulating microbial 
activity was confirmed during the stormflow experiment conducted at Virginia River, 
when changes in hydrology led to lower RBiofilm presumably due to the reduction of N and 
P concentrations. Thus, we found a N and P limitation during stormflow, which was not 
observed during baseflow. The contrast in the RBiofilm response to storm- relative to 
baseflow further suggests a significant role of autochthonous sources of energy in the 
boreal downstream sites. In particular, the response to the added C and CNP was 
approximately three times greater at the downstream site of Virginia River during 
stormflow compared to baseflow, indicating a decreased DOC bioavailability during 
stormflow perhaps due to the changing proportion of allochthonous versus 
autochthonous DOC (Leff and Meyer, 1991; Wiegner et al., 2009). Algae may be 
extremely sensitive to changes in hydrology (Wyatt et al., 2012); thus the stormflow 
event at Virginia River may have affected algal productivity and, hence, the availability of 
important labile energy sources for heterotrophic metabolism.  
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3.4.2 Stream biofilms limited by labile C in nutrient-rich conditions 
Nutrient enrichment may increase the capacity of biofilms to use and mineralize 
labile C substrates in headwater streams, and the processing of nutrients may become 
limited by labile C. Despite the differences in RBiofilm rates between the boreal and 
temperate regions, the biofilms present in both boreal and temperate streams studied 
here responded similarly to the substrate additions. In particular, RBiofilm generally 
increased when adding labile C within the more nutrient-impacted sites, regardless of 
region. We found a CNP co-limitation when adding C, N, P simultaneously and observed 
a lack of response in RBiofilm when adding C, N, P separately at the nutrient-poor 
upstream sites of the urban boreal streams and at the sites with lower nutrient 
concentrations in the Ozarks (CC and MC), similarly to the results observed in the 
substrate addition experiments conducted in relatively pristine streams in the Humber 
River watershed (Franke et al., 2013). The biofilms in these nutrient-poor streams may 
not be adapted to high N and P concentrations, and/or may be limited by other nutrients 
not investigated in this study (Franke et al., 2013). At the upstream site of Waterford 
River, however, we found a C limitation, coinciding with the higher DIN concentration at 
this site relative to the upstream sites of Virginia River DQG /HDU\¶V %URRN DQG WKH
smaller differences in biofilm C:N ratio compared to the nutrient-rich downstream sites. 
The nutrient-enriched downstream sites of the boreal streams and the nutrient-rich 
temperate stream sites (SC and CH), where N and P were already available, exhibited 
an increase in RBiofilm with the added C and CNP. This coincided with the lack of 
response when adding N and P (without C) additionally to the N and P that were already 
elevated in the stream water at those sites. The lack of response to the added N and P 
in both boreal and temperate study streams may be due to a stimulated incorporation of 
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labile DOC into biomass by the heterotrophic biofilms rather than a stimulation of RBiofilm, 
which cannot be detected by measuring solely RBiofilm (Franke et al., 2013).  
Dissolved organic carbon uptake rates measured in this study further highlight the 
potential importance of labile C sources for supporting these heterotrophic biofilms, 
particularly at the nutrient-enriched sites. DOC uptake rates were only measurable at the 
sites that exhibited the greatest biofilm biomass (LB-1 and LB-2) relative to the other 
boreal study sites, and at the most nutrient-rich site in the temperate streams (CH), 
which likely exhibited elevated autotrophic activity and a greater input of labile C 
substrates (Haggard et al., 2005; Lyon and Ziegler, 2009). In the boreal stream with the 
highest tile biomass (LB), rates of DOC uptake exceeded those of the temperate 
streams despite the likely lower biomass and lower temperature in the boreal stream 
relative to the temperate streams. In all temperate streams, DOC uptake (except the low 
rate at CH) was only observed when labile C was provided, signifying labile C limitation 
of biofilm activities in line with the substrate addition effects on RBiofilm. Further, DOC 
uptake was stimulated by the added labile C at the boreal sites but not in presence of 
NP, suggesting that biofilm activity overall (RBiofilm and DOC use) was primarily limited by 
labile C. In the temperate streams, however, there was evidence for the need for N 
and/or P in addition to the labile C to stimulate uptake of DOC at CC and CH. 
Furthermore, even in the nutrient-impacted boreal study sites net nutrient uptake could 
not be measured in contrast to the temperate streams, where net uptake rates reflected 
the C and nutrient limitation pattern observed in the RBiofilm, i.e. increased net uptake 
rates were typically observed following the addition of C (alone and in combination with 
N and/or P).  
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3.4.3 Lack of evidence for a priming effect on biofilm mineralization of boreal 
stream DOC 
Boreal headwater streams are typically dominated by terrestrial DOC sources, 
while autochthonous sources are usually minor due to reduced light availability, and 
therefore, lower photosynthetic activity compared to lower DOC systems more typical of 
temperate regions (Tranvik, 1988, 1989; Jansson et al., 2000; Jonsson et al., 2001; 
Agren et al., 2008). Under nutrient enrichment conditions, however, labile C sources, 
such as algal exudates made available through primary production, may have the 
potential to stimulate terrestrial DOC use by stream biofilm communities, and may alter 
differential losses of more labile versus more complex substrates in these streams 
(Franke et al., 2013). Potential increases in the sources of labile autochthonous 
substrates and alterations of DOC pools may therefore change carbon cycling with 
nutrient enrichment in boreal headwater streams. The 13C-glucose additions used in this 
study enabled us to more directly test the role of increased labile DOC on the uptake of 
extant stream DOC; however, they did not turn out to be congruent with the observations 
in these streams where lower DOC coincided with greater nutrients and potential 
autochthonous sources of DOC. Labile C (as glucose) stimulated RBiofilm at all 
downstream sites studied in the boreal streams, however, a stimulation of stream DOC 
mineralization analogous to a priming effect was not observed, regardless whether 
glucose was added as a single spike or as a combination with NP. The biofilms 
responded to the labile additions by using it as a source of energy over the extant 
stream DOC ± in line with the findings for DOC uptake described for LHDU\¶V Brook 
above. This suggests stream water additions likely regulated labile C uptake but did not 
necessarily stimulate extant DOC uptake. The inconsistency of the findings from the 13C-
glucose additions versus stream water chemistry, where lower DOC was found in sites 
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with higher nutrients, points to possible biofilm autotrophic-heterotrophic coupling that 
might fuel DOC uptake rather than direct changes in stream water organic matter pools. 
In order to further investigate potential effects of labile or autochthonous C sources on 
the fate of stream DOC potentially relevant in elevated N and P environments, it would 
be helpful to study autotrophic-heterotrophic linkages by following the influence of newly 
fixed or autochthonous C production on stream DOC mineralization. Even though RBiofilm 
is an important measure to understanding C cycling as it provides one important fate for 
DOC, it does not necessarily provide information about whether added labile compounds 
may further increase the incorporation of nutrient-rich dissolved organic matter, which 
was not determined here.  
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Abstract 
The extent of autotrophic-heterotrophic linkages was investigated in nutrient-
impacted boreal streams, specifically whether (1) autotrophic carbon sources are 
important to supporting epilithic biofilms in nutrient-enriched boreal streams, and (2) 
autotrophic or labile carbon sources (e.g. glucose) influence the mineralization of extant 
stream organic matter. Primary production, community respiration, nutrient uptake, and 
carbon cycling within biofilms were monitored at three study sites within two nutrient-
impacted boreal streams during fall 2009 and summer 2010, using in situ mesocosms. 
Phospholipid fatty acid (PLFA) biomarkers and a 13C-labeling approach were employed 
to trace autochthonous or newly fixed carbon (CNF) generated during the experiments. 
Dissolved organic carbon (DOC) released from the biofilms was not directly linked to CNF 
but was associated with photoautotrophic activity and nutrients. Surprisingly, net DOC 
release into the stream water only represented between 16 and 21 % of net primary 
production (NPP) at the most nutrient-rich sites, with CNF released as DOC representing 
only 3 to 10 % of NPP in the light incubations. At the sites with lower nutrient 
concentrations, net DOC release into the stream water represented between 82 and 117 
% of NPP, but with CNF released as DOC representing only 1 % of NPP in the light 
incubations. The proportion of CNF derived from NPP as well as the uptake of CNF into 
eukaryotic and heterotrophic biofilm PLFA were higher at the most nutrient-rich site 
relative to the sites with lower nutrient concentrations. Also, the ratios of CNF into 
heterotrophic bacterial relative to eukaryotic PLFA observed in this study were similar to 
those found in temperate streams where DOC concentrations were lower and nutrient 
levels significantly higher. Priming effects associated with glucose additions were not 
observed in these urban boreal stream biofilms. However, light-mediated activities such 
as algal production were found to increase the mineralization of organic matter overall in 
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these biofilms. In combination, these results suggest that tight autotrophic-heterotrophic 
linkages may lead to priming effects in boreal stream biofilms primarily supported 
through autotrophic organic matter sources not easily observed using external substrate 
additions.  
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4.1 Introduction  
The microbial community growing as epilithic biofilm on submerged rocks plays an 
important role in the biogeochemical cycling of carbon and nutrients in headwater 
streams (Hoellein et al., 2010). Aquatic biofilms consist of a mixture of heterotrophic 
(bacteria and fungi) and autotrophic (cyanobacteria and algae) microorganisms 
embedded in a polysaccharide matrix (Lock et al., 1984). These biofilm communities 
have a major influence on ecosystem function in headwater streams, particularly stream 
primary production and metabolism, as well as uptake and transfer of carbon and 
nutrients to higher trophic levels (Ford and Lock, 1987; Mayer and Likens, 1987; 
Winterbourn, 1990; Mulholland et al., 1991; Dodds et al., 2000).  
Microbial community composition and activity often vary with the quantity and 
availability of carbon and nutrients, which commonly correspond to dissolved organic 
carbon (DOC) sources and composition (Leff and Meyer, 1991; Findlay et al., 2003; 
Judd et al., 2006). Terrestrially derived or allochthonous dissolved organic matter is 
typically the major form of organic carbon in aquatic ecosystems and the main energy 
and nutrient (nitrogen and phosphorus) source for heterotrophic microorganisms (Fisher 
and Likens, 1973). The quantity and composition of these sources vary with catchment 
vegetation and soil properties (Schiff et al., 1997; Quideau et al., 2001), hydrology 
(Schiff et al., 1998), acidity (Buffam et al., 2007), and the presence of photochemical and 
microbial degradation processes (McDowell and Likens, 1988; Koehler et al., 2002). 
Heterotrophic microbial activity can also be dependent on autochthonous sources of 
DOC, comprised largely of labile algal exudates, which may stimulate the degradation 
and use of DOC by heterotrophic bacteria (Cole, 1982; Haack and McFeters, 1982; 
Kaplan and Bott, 1989; Romani and Sabater, 1999). The extent to which heterotrophic 
biofilm communities take up allochthonous DOC or use primarily autochthonous DOC, 
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depends on the growth conditions of biofilms. For example, light availability (Romani et 
al., 2004) and nutrient levels (Tank and Dodds, 2003) often regulate algal biomass, and 
consequently affect the uptake of CO2 and transfer of autochthonous carbon through the 
aquatic food web. 
Environmental changes, specifically carbon and nutrient enrichment, can alter 
substrate sources and availability for microorganisms and subsequently affect the 
biogeochemical cycling of DOC (Bernhardt and Likens, 2002; Ziegler and Brisco, 2004). 
Changes in carbon and nutrient concentrations may be followed by an alteration in 
biofilm community composition, activity levels, and interspecies interactions (Guasch et 
al., 1995; Gulis and Suberkropp, 2003; Haukka et al., 2006). Such changes can break 
the link between heterotrophic and autotrophic communities and affect processes such 
as respiration, as well as nutrient release and retention (Bernhardt and Likens, 2002; 
Scott et al., 2008; Lyon and Ziegler, 2009).  
In boreal streams, allochthonous DOC dominates and serves as the major energy 
source for heterotrophic microorganisms, while autochthonous sources are usually minor 
due to reduced light availability, and therefore, lower photosynthetic activity compared to 
lower DOC systems more typical of temperate regions (Tranvik, 1988, 1989; Jansson et 
al., 2000; Jonsson et al., 2001; Agren et al., 2008). Given this allochthonous dominance 
and the fact that DOC may be susceptible to greater rates of loss through microbial 
mineralization under nutrient enrichment conditions, priming effects may be particularly 
important in boreal streams under nutrient enrichment conditions. With elevated nutrient 
availability, autochthonous DOC sources may potentially stimulate allochthonous DOC 
use by stream biofilm communities and thereby increase losses of this carbon reservoir 
to the atmosphere via increased respiration. Labile carbon sources have the potential to 
stimulate the mineralization of allochthonous DOC by some boreal stream biofilm 
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communities (Franke et al., 2013a) and such a mechanism may contribute to CO2 
emissions from aquatic ecosystems via increased respiration (Guenet et al., 2010; 
Bianchi, 2011). Enhanced microbial uptake and depletion of bioavailable DOC with 
nutrient enrichment may also result in more slow turnover, less bioavailable components 
in the residual DOC pool (Ziegler and Brisco, 2004). Potential increases in the sources of 
labile autochthonous substrates and alterations of DOC pools suggest the potential for 
changes in carbon cycling with nutrient enrichment in boreal headwater streams.  
The research addressed here contributes to our understanding of carbon cycling in 
boreal headwater streams by investigating the importance of autotrophic-heterotrophic 
linkages in nutrient-impacted streams. Specifically we asked whether (1) autotrophic 
carbon sources are important to supporting epilithic biofilms in nutrient-enriched boreal 
streams, and (2) autotrophic or labile carbon sources influence the mineralization of 
extant stream DOC. Primary production, community respiration, nutrient uptake, and 
carbon cycling within biofilms were monitored at three study sites within two nutrient-
impacted boreal streams during fall 2009 and summer 2010, using in situ mesocosms. A 
13C-labeling approach was used to trace autochthonous carbon generated during the 
experiments. Biofilm samples were collected for both bulk stable carbon isotopes (G13C) 
and the G13C of phospholipid fatty acid (PLFA) biomarkers. These G13C signatures 
enabled the calculation of the flow of autotrophic carbon through the heterotrophic 
bacterial communities in these biofilms (Boschker and Middelburg, 2002; Kritzberg et al., 
2004; Van den Meersche et al., 2004; Pace et al., 2007), and were used to quantify the 
proportion of newly fixed carbon assimilated by heterotrophic bacteria relative to net 
primary production. Furthermore, a comparison of the data from the light and dark 
enclosure experiments was used to test whether autotrophic DOC can stimulate the 
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heterotrophic mineralization or use of organic matter or induce a priming effect in these 
streams.  
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4.2 Methods 
4.2.1 Study sites  
 Three study sites in two urbanized boreal streams were chosen on the Northeast 
Avalon Peninsula, Newfoundland, Canada: Virginia River upstream (VR-1) and 
downstream (VR-2), and 5HQQLH¶V 5LYHU downstream (RR-2). The upstream sites of 
these streams are influenced by forest (e.g. Balsam Fir (Abies balsamea); forest floor: 
Broom Moss (Dicranum scoparium) and Feathermoss (Ptilium crista-castrensis)) and 
wetland (bogs and fens) cover (WQMA, 2012), and represent relatively unimpacted 
sites. 5HQQLH¶V5LYHU¶VKHDGZDWHUV LQFOXGHa number of ponds, which are all located in 
3LSS\3DUN LQ6W-RKQ¶VThe headwaters to Virginia River are marshes located in the 
district of Airport Heights with the downstream reaches running through a highly 
urbanized and residential area, where paved roads and industrial parks have a major 
impact on the downstream water quality. Both, 5HQQLH¶V5LYHUand Virginia River drain 
into Quidi Vidi Lake. Experiments were conducted at VR-1 and VR-2 in early fall in 2009, 
and at RR-2 and VR-2 in summer 2010. 
 
4.2.2 Tests prior to experiments 
Prior to the incubation experiments, mesocosm chambers were tested for gas and 
water tightness. The chambers, containing a 10 µM PO43- solution, were placed in a 
large container filled with de-ionized water. Initial samples were collected from both the 
mesocosm chambers and the large container, and again following a 24-hour incubation 
at room temperature. Differences in phosphate concentration in the chambers and the 
large container were below detection. Further, the chambers were incubated in the large 
container again but with slightly aerated NanoPure water inside the chamber and oxygen 
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(O2) saturated lake water in the large container to assess the significance of O2 
exchange across the chamber silicone seal. Dissolved oxygen (DO) was measured in 
the chamber at the beginning and the end of the incubation. Results exhibited a 1.1 % 
decrease in chamber DO after 24 hours. Additionally, an hourly DO profile was obtained 
at VR-1 and VR-2 in fall 2009 (see appendix A4) and compared to the profile-integrated 
estimate using the endpoints (dawn-dusk) measurement. The results from these tests 
showed that the dawn-dusk measurement is adequate to estimate a daily net rate of DO 
production, but can underestimate the average hourly rate.  
 
4.2.3 Light and dark mesocosm experiments using a 13C-bicarbonate labeling 
approach  
To capture a full day of sunlight, experiments were set up before sunrise and 
continued until sunset. Stream water substrate, representative for the study site benthos, 
was collected by scrubbing randomly selected rocks (n = 6) with a clean brush. The 
biofilm material was rinsed off with NanoPure water, collected in acid-rinsed, brown 500 
mL high-density polyethylene bottles, and returned to the laboratory, immediately freeze-
dried (Labconco, Kansas City, MO, USA), and analyzed (see below) for the initial stable 
carbon (C) and nitrogen (N) isotopic composition (G13C, G15N), chlorophyll content, 
biomass (%C, %N), and PLFA. 
Meanwhile, triplicate clear (light) and opaque (dark) 12 L polycarbonate 
enclosures, equipped with peristaltic pumps to maintain stream water circulation, were 
filled with stream water substrate (6 ± 7 rocks each) randomly collected from the stream 
at each study site. Clear containers were used to measure net phototrophic activity, 
whereas opaque containers were used to measure net heterotrophic activity only. Eight 
liters of unfiltered stream water, collected and spiked with 13C-labeled bicarbonate (2000 
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Å 12 hours prior to the experiments to allow for the distribution of the 13C-labeled 
bicarbonate among the inorganic carbon species in the water, were added to the 
mesocosms and circulated for approximately 15 minutes before initial mesocosm 
samples were taken. Final samples were collected at the end (after approximately 8 
hours) of the incubation, just after sunset.  
Mesocosm community respiration was measured as the change in DO and total 
inorganic carbon (TIC) in the dark chambers. Likewise, net primary production (NPP) 
was measured as the change in DO and TIC in the light chambers. Net uptake and 
release rates of DOC and nutrients (nitrogen and phosphorus) were determined as the 
difference between initial and final concentrations. The G13CTIC and G13CDOC as well as the 
biofilm PLFA were measured to determine the quantity and fate of newly fixed C (CNF) in 
these biofilms (biofilm primary production). Changes in DO were measured on site, using 
a YSI 550A handheld DO instrument (YSI Incorporated, Yellow Springs, OH, USA). 
Samples for TIC and DOC analysis, as well as G13CTIC and G13CDOC, were collected in 
acid-cleaned, pre-combusted 40 mL amber glass vials and spiked with HgCl2 and H3PO4 
(HPLC grade), respectively. Samples for soluble reactive phosphorus (SRP), ammonium 
(NH4+), nitrate (NO3-), and total dissolved nitrogen (TDN) were collected in acid-rinsed 60 
mL Nalgene bottles. Samples for total dissolved phosphorus (TDP) analysis were 
collected in 100 mL amber glass bottles and preserved with sulphuric acid. All samples 
for DOC, SRP, NH4+, NO3-, TDN, and TDP quantification were filtered using a 0.45 µm 
Whatman microfiber glass filter.  
The fraction of biofilm C derived from TIC that was fixed by autotrophs (newly fixed 
carbon, CNF) during the incubation period (FBiofilm) was calculated similarly to Lyon and 
Ziegler (2009) as: 
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
FBiofilm 
G13CBiofilmfinal  G13CBiofilminitial
G13CTICinitial G13CBiofilminitial
                                                                         (eq. 1) 
where G13CBiofilm-initial/final is the bulk biofilm G13C Åcollected at the beginning (initial) and 
the end (final) of the incubation, respectively; G13CTIC-initial is the G13C of the 13C-labeled 
TIC Å from the beginning of the incubation. The rate of CNF incorporation into the 
biofilm (C-specific biofilm primary production, PPBiofilm, mmol C mol-1 CBiofilm-1 hr-1) was 
then determined as:  
  

PPBiofilm 
FBiofilmuCBiofilmu103
CBiofilmu t
                                                                                    (eq. 2) 
where CBiofilm (mol) is the biofilm C content within each container and t is the incubation 
period (hrs). Equation 2 was multiplied by 103 to convert the units mol C mol-1 CBiofilm-1 hr-
1 to mmol C mol-1 CBiofilm-1 hr-1. 
Primary production as net DOC released (PPDOC, µmol C mol CBiofilm-1 hr-1) was 
calculated based on the fraction of DOC derived from TIC that was fixed during the 
incubation (FDOC), and the change in the G13CDOC in the mesocosms over the incubation 
period (Lyon and Ziegler, 2009):  
  

FDOC  
G13CDOCfinal  G13CDOCinitial
G13CTICinitial G13CDOCinitial
                                                                              (eq. 3) 
  

PPDOC  
[DOC]final uFDOC u V
CBiofilmu t
                                                                                     (eq. 4) 
where [DOC]initial/final represents the DOC concentration at the beginning (initial) and the 
end (final) of the incubation (µM C), respectively, and V is the volume (L) of stream water 
in each enclosure. The relationship between PPDOC and total net DOC release (RDOC, %) 
was used to express the proportion of DOC derived from autochthonous C, and was 
calculated similar to Lyon and Ziegler (2009) as: 
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
RDOC  
[DOC]final uFDOC
[DOC]final  [DOC]initial
u100                                                                            (eq. 5) 
Equation 5 was multiplied by 100 to convert the units to a percentage. 
 
Biofilm PLFA were used as biomarkers to quantify the proportion of CNF 
assimilated by heterotrophic bacteria relative to NPP as well as biofilm autotrophs based 
upon their PLFA. PLFA concentration and G13CPLFA were measured in freeze-dried 
biofilm samples collected at RR-2 in summer and VR-2 in fall. Polyunsaturated PLFA 
(18:2Z6, 18:3Z6, 18:3Z3,20:5Z3, 22:5Z6) were used to represent algal PLFA 
(Napolitano, 1999; Boschker et al., 2005); terminally branched fatty acids (i15:0, a15:0, 
i16:0) were used to represent heterotrophic bacterial PLFA (Parker et al., 1967; 
Napolitano, 1999). The following equations were used to measure the rate of CNF into 
individual biofilm PLFA and specific groups of PLFA, similarly to Lyon and Ziegler 
(2009). The fraction of PLFA (FPLFA) carbon derived from CNF was determined as: 
  

FPLFA  
G13CPLFAfinal  G13CPLFAinitial
G13CTICinitial G13CPLFAinitial
                                                                            (eq. 6) 
The FPLFA was used to calculate the rates of CNF incorporation into PLFA normalized to 
both biofilm C and individual PLFA C as: 
Biofilm C-normalized CNF incorporation rate 
  

 FPLFA uCPLFA u10
3
CBiofilmu t
                            (eq. 7) 
Concentration-normalized CNF incorporation rate 
  

 FPLFA uCPLFA u10
3
CPLFA u t                    
 (eq. 8) 
where G13CPLFA-initial/final is the G13C of PLFA in biofilm samples Å collected from each 
container at the beginning (initial) and the end (final) of the incubation, respectively; 
CBiofilm is the total biofilm carbon (mol CBiofilm) within each mesocosm, CPLFA is the amount 
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of C present for individual PLFA (µmol CPLFA) in the final biofilm samples, and t is the 
incubation time (hrs). Units of the CBiofilm-normalized and concentration-normalized CNF 
rates are given as nmol PLFA-CNF mol CBiofilm-1 hr-1 and nmol PLFA-CNF µmol PLFA-Ctotal-
1 hr-1, respectively. 
 
4.2.4 Mesocosm experiments with 13C-Glucose  
A second part to this mesocosm experiment was conducted at RR-2 only and 
included another set of light and dark incubations to track stream DOC mineralization in 
relation to CNF inputs and the added glucose. Samples were taken from the mesocosms 
at the beginning near sunrise and at dusk similarly as described above. The final 
sampling, however, was conducted the next morning to determine whether differences in 
DOC mineralization overnight occurred between chambers that previously received light 
(i.e. CNF inputs) versus those held in the dark for the entire 24 hours. This approach also 
included a set of dark incubations that received 13C-labeled glucose (42 µM C; 551 Å to 
determine if respiration of extant stream organic matter increased as a result of an 
added labile substrate. The glucose was added at dusk after approximately 10 hours of 
incubation. The mineralization of glucose-C (RGlucose; µM C hr-1) and stream organic 
carbon (RStream-OC; µM C hr-1) were determined and compared to that measured in the 
dark control that did not receive any 13C-glucose:  
  

RGlucose  
[TIC final]
t
u G
13CTICfinal  G13CTICinitial
G13CGlucose  G13CTICinitial
                                                            (eq. 9) 
  

RStreamOC  
([TIC ]final  [TIC ]initial)
t
RGlucose                                                                
(eq. 10)
 
where [TIC]initial/final is the initial and final TIC concentration (µM C), respectively, t is the 
incubation time (hrs), G13CTIC-initial/final are the stable inorganic carbon isotope values (Å) of 
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the TIC pool at the beginning (initial) and the end (final) of the incubation, respectively, 
and G13CGlucose is the G13C (551 Å) of the glucose added.  
 
4.2.5 Analytical methods 
Concentrations of TIC, DOC, their G13C values, as well as TDN, NH4+, NO3-, 
dissolved organic nitrogen (DON), TDP, and SRP concentrations were determined using 
the same instruments, methods and detection limits described in detail in Franke et al. 
(2013a). The analytical precision UDQJHG EHWZHHQ  DQG  Å IRU G13CTIC, and 
EHWZHHQDQGÅIRU G13CDOC. The maximum percent coefficient of variation (CV) 
was 1.1 % for TIC and 4.5 % for DOC analysis.  
Freeze-dried biofilm samples were analyzed for C and N content (%) as well as 
G13C and G15N using a Carlo Erba NA1500 Series II elemental analyzer (Milan, Italy) 
interfaced with a Delta V Plus isotope ratio mass spectrometer (Thermo Fisher Scientific, 
Bremen, Germany). The analytical precision for G13C and G15N ranged between 0.01 and 
0.2 Å, and the analytical error for the C and N content was between 0.2 and 3.7 %. 
Biofilm chlorophyll content was determined using the spectrophotometric method (Jeffrey 
and Humphrey, 1975). Biofilm samples were extracted in 90 % acetone followed by 
centrifugation and absorbance measurements at wavelengths of 430, 630, 647, 664, 750 
nm using a UV/VIS Spectrometer (Lambda 25; Perkin Elmer, Waltham, MA, USA) and 
90 % acetone as a blank.  
Phospholipid fatty acid extractions were conducted on freeze-dried biofilm samples 
by isolating phospholipids from the total organic or lipid extractions of the lyophilized 
biofilm sample using solid phase extraction with silicic acid (White et al., 1979; Vestal 
and White, 1989; White and Ringelberg, 1998). In order to perform gas chromatography 
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(GC) analyses, fatty acid methyl esters (FAMEs) were derivatized from phospholipids 
using single-step saponification and methylation procedure (Findlay, 2004). To 
determine the change in G13C imparted by the added methyl carbon, a small aliquot of 
the methanol used during methylation was analyzed for its G13C composition using an 
AURORA 1030 TOC analyzer (O.I. Analytical, College Station, Texas, USA) coupled to a 
MAT252 isotope ratio mass spectrometer (Finnigan, Bremen, Germany). FAME 
identification and quantification was conducted using an Agilent 6890 GC (capillary 
column: BPX-70, 50 m, 0.22 mm internal diameter, 0.25 µm stationary phase thickness; 
1 mL, splitless injection; SGE Analytical Science, Austin, TX, USA) equipped with a 
flame ionization detector (FID) and interfaced with an Agilent 5973 inert mass selective 
detector (Agilent Technologies, Mississauga, ON, Canada), respectively. The G13C of the 
FAMEs were determined with an Agilent 6890 GC interfaced to a MAT252 isotope ratio 
mass spectrometer with a GC-C-III combustion interface (ThermoFinnigan, Bremen, 
Germany). Phospholipid recovery was determined by adding a phospholipid standard 
(1,2-diheptadecanoyl-sn-glycero-3-phosphocholine; Avanti Polar Lipids, Alabaster, AL, 
USA) to biofilm subsamples (>74 % recovery). Additionally, blank extractions were 
conducted under the same conditions to verify the lack of any contamination during 
sample handling and procedure. 
 
4.2.6 Statistics 
Significance tests (t-tests) were conducted between initial and final mesocosm 
samples with an Dvalue of 0.05 (AnalystSoft Inc., StatPlus:mac - Version 2009) to 
ascertain differences in DO, TIC, DOC, and nutrient (e.g. TDN, NH4+, SRP) 
concentrations, and PLFA content, as well as G13CDOC, G13CTIC, and G13CPLFA. Non-
significant changes were considered to be below detection. Significance tests were also 
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performed on biofilm C-normalized and concentration-normalized CNF incorporation 
rates/ratios in the light incubations to ascertain differences among prokaryotic and 
eukaryotic microbial groups, and between sites. 
Pearson correlations with an D-level of 0.05 (AnalystSoft Inc., StatPlus:mac - 
Version 2009) were used to test the potential role of water quality parameters in 
regulating the development of the stream biofilms. For instance, biofilm C:N ratios were 
tested against stream DOC, DON, DOC:DON, DIN, SRP, and TDP to investigate 
whether these parameters influenced biofilm growth and stoichiometry. Furthermore, 
chlorophyll a, b, and c content of the stream biofilms was tested against biofilm C and N 
content, C:N, G13C, and G15N to determine how carbon and nutrient availability within the 
biofilms influenced the development and potential autotrophy of the biofilm communities. 
Also, NPP and PPDOC in the light incubations were tested against chlorophyll content to 
assess the relationship between the measures of primary production and these 
measures of biofilm autotrophic potential. Further, PPBiofilm was tested for a correlation 
with the flux of CNF into heterotrophic, eukaryotic and total PLFA. 
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4.3 Results 
4.3.1 Water quality characteristics and dissolved organic matter composition  
The two study streams 5HQQLH¶V 5iver and Virginia River, varied in their water 
quality characteristics and dissolved organic matter composition (Table 4.1). The 
upstream site of VR exhibited low nutrient levels and relatively high DOC concentrations 
(685 µM C; Table 4.1). Soluble reactive phosphorus levels were 0.3 µM P, whereas TDP 
concentration was below detection (<0.64 µM P). Dissolved inorganic nitrogen 
concentration was 2.8 µM N and DON was 10.9 µM N (Table 4.1). Both study sites 
located downstream at VR and RR are characterized by higher nutrient levels and 
relatively lower DOC concentrations (280 ± 290 µM C at VR-2 and 400 µM C at RR-2, 
respectively; Table 4.1). Total P levels were 0.9 µM P and SRP levels were 0.6 µM P. 
Inorganic N concentrations were approximately twice as high at VR-2 relative to RR-2, 
ranging from 19.1 to 20.5 µM N at VR-2, whereas DIN levels were 10.1 µM N at RR-2 
(Table 4.1). Dissolved organic nitrogen concentrations were between 48.5 and 50.9 µM 
N at VR-2 and 17.1 µM N at RR-2 (Table 4.1). Further, TIC concentrations varied from 
120 µM C at VR-1 and 380 µM C at RR-2 to 650 µM C at VR-2 (Table 4.1). Dissolved 
oxygen concentrations ranged from 281 µM O2 at RR to 341 µM O2 at VR (Table 4.1). 
Experiments were conducted at 20.8qC at RR, and at 11.2 and 14.9qC at VR in fall 2009 
and summer 2010, respectively.  
 
 4.3.2 Epilithic stream biofilm characteristics and composition  
Epilithic stream biofilm C:N ratios were approximately 25 at the nutrient-poor site 
(VR-1) and varied between 8 and 12 at the nutrient-rich stream sites (VR-2, RR-2; Table 
4.2), suggesting a more N-rich community at the downstream VR-2 and RR-2 sites 
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relative to the upstream VR-1 site. Stream site epilithic biofilm C:N ratio was positively 
correlated to stream DOC:DON (p = 0.03), DOC (p = 0.03), and TDP (p = 0.02). 
However, biofilm C:N ratio was not correlated to DON (p = 0.23), DIN (p = 0.10), and 
SRP (p = 0.16).  
Epilithic stream biofilm N content varied from 0.8 to 1.7 Wt. %, with highest values 
measured at VR-2 (Table 4.2). The G15N of the stream biofilms was 2 Å at VR-1, and 
between 5 and 7 Å at VR-2 and RR-2 (Table 4.2). Even though the elevated G15N at VR-
2 and RR-2 may be important indicators for nutrient (e.g. inorganic N) enrichment 
(Lindau et al., 1989; Wayland and Hobson, 2001; Savage, 2005), G15N values were not 
correlated to stream DIN (p = 0.30) and DON (p = 0.48) in this study.  
Stream biofilm C content varied from 11 to 17 Wt. %, with highest values recorded 
at VR-1 (Table 4.2). The G13C of the stream biofilms were -28 Å at VR-1 and RR-2, and 
from -19 to -23 Å at VR-2 (Table 4.2). The differences in the G13C among the biofilms 
likely indicate greater algal-derived C within the epilithic biofilms at VR-2 relative to VR-1 
and RR-2 (Fry, 1991; Karlsson et al., 2003). At VR-1 and RR-2, these labile sources 
might not be as readily available, and the microorganisms present at this site may use a 
greater proportion of allochthonous C sources (Rounick and Winterbourn, 1986; France 
and Schlaepfer, 2000; Jonsson et al., 2001; Pace et al., 2007).  
Chlorophyll a, indicating the presence of photoautotrophic microorganisms 
including cyanobacteria, red and green algae (Sigee, 2006), exhibited the highest 
proportion of the total chlorophyll (66 to 87 %) and ranged in concentration from 0.7 to 
23.9 µg chl a per mg biofilm C (Table 4.2). As expected, lower values were recorded at 
the relatively shaded and nutrient-poor stream site (VR-1), whereas high values were 
measured at the open, nutrient-rich sites (e.g. VR-2). Chlorophyll b, present in green 
algae only (Rowan, 1989; Bianchi and Canuel, 2011) and chlorophyll c, typically present 
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in diatoms, dinoflagellates, and brown algae (Sigee, 2006), exhibited a relatively low 
proportion of the total chlorophyll (5 to 17 %), varying from 0.1 to 3.6 µg chl mg CBiofilm-1 
(Table 4.2). Chlorophyll content did not correlate with the biofilm C content (chl a: p = 
0.60, chl b: p = 0.77, chl c: p = 0.59), N content (chl a: p = 0.08, chl b: p = 0.06, chl c: p = 
0.18), biofilm C:N (chl a: p = 0.25, chl b: p = 0.30, chl c: p = 0.33), G13C (chl a: p = 0.44, 
chl b: p = 0.29, chl c: p = 0.61), or G15N (chl a: p = 0.38, chl b: p = 0.50, chl c: p = 0.42). 
Total PLFA abundance was 0.51 and 0.34 µg PLFA mg biofilm-1 in the samples 
collected at VR-2 in fall 2009 and at RR-2 in summer 2010, respectively. The PLFA 16:0 
(0.09 ± 0.22 µg PLFA mg biofilm-1), 16:1Z7 (0.07 ± 0.11 µg PLFA mg biofilm-1), 18:1Z9c 
and 18:1Z9t (0.03 ± 0.09 µg PLFA mg biofilm-1) as well as 18:2Z6 (0.01 ± 0.02 µg PLFA 
mg biofilm-1) were the most abundant among the biofilm samples collected at VR-2 and 
RR-2. Other PLFA present in smaller quantities (<0.02 µg PLFA mg biofilm-1) included 
14:0, i15:0, a15:0, 15:0, i16:0, 17:0, 18:0, 18:3Z6, 18:3Z3, 20:4Z6, 22:0, 20:5Z3, and 
22:5Z6. The biofilm C-normalized C content of each individual PLFA present in the 
biofilms and total C content per sample are listed in Table 4.3. The proportion of 
heterotrophic bacterial and eukaryotic fatty acids was 3 ± 9 % and 8 ± 17 % of the total 
biofilm PLFA, respectively (Table 4.3). The heterotrophic bacterial to eukaryotic PLFA 
ratios ranged from 0.15 to 0.62 (Table 4.3), and were not significantly different among 
the study sites (p = 0.07) or light and dark treatments (RR: p = 0.22, VR: p = 0.18). The 
PLFA listed in Table 4.3 were detected consistently across the samples collected at VR-
2 and RR-2, however, only the PLFA 14:0, i15:0, a15:0, 16:0, 16:1Z7, 18:0, 18:2Z6, 
18:3Z3, 18:1Z9c, 18:1Z9t, 20:5Z3 were analyzed for G13CPLFA. The initial G13CPLFA-individual 
varied from -40 to -30 Å. The variation in isotopic composition among dark and light 
treatments is specified in appendix A4. 
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Table 4.1: Initial water chemistry parameters at a nutrient-poor (VR-1) and a nutrient-rich stream 
site (VR-2) in Virginia River in fall 2009, and at a nutrient-rich site in Virginia River (VR-2) and 
Rennie's River (RR-2) in summer 2010. Measurements were taken for temperature (T; °C), total 
inorganic carbon (TIC; µM C), dissolved oxygen (DO; µM O2), dissolved organic carbon (DOC; 
µM C), dissolved organic (DON; µM N) and inorganic nitrogen (DIN; µM N), soluble reactive 
phosphorus (SRP; µM P) and total dissolved phosphorus (TDP; µM P) concentrations. Values 
correspond to averages of 3 analytical replicates. 
Site Season T TIC DO DOC DON DIN SRP TDP 
VR-1 Fall 2009 11.2 117 341 685 10.9 2.8 0.3 BD 
VR-2 Fall 2009 11.2 418 327 286 50.9 20.5 0.6 0.9 
VR-2 Summer 2010 14.9 647 335 288 48.5 19.1 0.6 0.9 
RR-2 Summer 2010 20.8 382 281 406 17.7 10.1 0.4 0.9 
 
 
Table 4.2: Seasonal description of the stream biofilm communiWLHVDW9LUJLQLD5LYHU95DQG5HQQLH¶V5LYHU55, particularly stable carbon 
(G13C; Å) and nitrogen (G15N; Å) isotope composition, carbon (C; Wt. %) and nitrogen (N; Wt. %) content, biofilm C:N ratios, and chlorophyll 
(Chl; µg Chl mg-1 CBiofilm) a, b, and c content. Values correspond to averages of 3 analytical replicates r one standard deviation. 
Site Season G13C C G15N N Biofilm C:N Chl a Chl b Chl c 
VR-1 Fall 2009 -28.2 r 0.2 17.2 r 0.6 1.7 r 0.1 0.8 r 0.2 24.5 r 0.8 0.7 r 0.05 0.1 r 0.01 0.1 r 0.01 
VR-2 Fall 2009 -22.7 r 0.5 12.5 r 6.8 6.9 r 0.1 1.7 r 0.3 8.3 r 3.1 23.9 r 0.09 3.6 r 0.08 2.5 r 0.15 
VR-2 Summer 2010 -18.6 r 0.3 14.8 r 0.1 5.2 r 0.1 1.5 r 0.1 11.2 r 0.1 9.7 r 0.93  2.0 r 0.21  0.6 r 0.03  
RR-2 Summer 2010 -28.0 r 0.2 10.8 r 0.1 7.0 r 0.1 1.1 r 0.1 11.7 r 0.1 4.4 r 0.44  0.2 r 0.03 0.4 r 0.07 
 Chapter 4 Page 21 of 47  
Table 4.3: Biofilm carbon-normalized total carbon content and carbon content of individual fatty acids (µmol CPLFA mol CBiofilm-1) present in 
initial, light and dark biofilm samples collected at Rennie's River in summer 2010 and at Virginia River in fall 2009, as well as proportion of 
heterotrophic and eukaryotic fatty acids relative to the total fatty acid content (Wt. %). Values were derived from single fatty acid extractions. 
 5HQQLH¶V5LYHU55-2) Virginia River (VR-2) 
Microbial Groups Fatty Acids Initial Light Dark Initial Light Dark 
 Total 3.42 3.71 3.23 2.97 3.12 1.36 2.94 4.57 4.65 6.89 5.42 4.81 4.18 6.55 
                
Heterotrophic 
bacteria (HB) 
i15:0 0.06 0.05 0.09 0.09 0.06 - 0.09 0.05 0.11 0.22 0.11 0.08 0.05 0.15 
a15:0 - - 0.05 0.05 0.04 - 0.07 0.03 0.19 0.29 0.18 0.14 0.11 0.24 
i16:0 0.05 0.04 0.05 0.06 0.06 0.08 0.03 0.05 0.05 0.07 0.05 0.04 0.04 0.06 
 Wt. % 3.1 2.6 6.0 6.8 5.1 5.5 6.6 3.0 7.7 8.5 6.5 5.4 4.7 6.9 
                
Eukaryotes (EUK), 
e.g. green algae, 
diatoms, fungi 
18:2Z6 0.20 0.26 0.23 0.15 0.14 0.09 0.15 0.06 0.12 0.22 0.18 0.17 0.14 0.27 
18:3Z6 - 0.10 0.07 0.09 0.08 0.05 0.07 0.19 0.04 0.05 0.04 0.05 0.04 0.06 
18:3Z3 0.11 0.11 0.08 0.08 0.08 0.05 0.05 0.04 0.22 0.31 0.24 0.24 0.29 0.34 
20:5Z3 0.13 0.11 0.10 0.09 0.10 0.05 0.08 - 0.26 0.29 0.32 0.17 0.25 0.20 
22:5Z6 0.05 0.06 0.03 0.04 0.05 - 0.06 0.09 0.05 0.07 0.05 0.05 0.05 0.06 
 Wt. % 14.0 17.4 15.5 15.1 14.7 18.3 14.5 8.1 14.8 13.6 15.3 14.1 18.4 14.0 
                
General 14:0 0.11 0.09 0.17 0.09 0.07 - 0.10 0.06 0.24 0.38 0.21 0.09 0.06 0.28 
15:0 - - - - - - - - 0.07 0.09 0.06 0.06 0.07 0.08 
16:0 0.93 1.22 0.81 0.77 0.89 0.32 0.74 1.97 1.57 2.26 1.81 1.59 1.48 2.02 
16:1Z7 0.78 0.63 0.72 0.68 0.78 0.23 0.65 0.82 1.09 1.77 1.39 1.33 0.96 1.86 
17:0 0.22 0.13 0.13 - 0.04 - 0.19 - 0.06 0.08 0.07 0.04 0.04 0.05 
18:0 0.18 0.20 0.12 0.12 0.15 0.08 0.11 0.13 0.12 0.16 0.15 0.14 0.11 0.14 
18:1Z9t 0.17 0.23 0.14 0.16 0.16 0.12 0.14 0.23 0.14 0.15 0.18 0.14 0.12 0.17 
18:1Z9c 0.45 0.48 0.45 0.50 0.40 0.29 0.38 0.85 0.32 0.48 0.38 0.48 0.37 0.59 
 Wt. % 82.9 80.0 78.6 78.1 80.2 76.1 78.9 88.9 77.5 78.0 78.2 80.5 76.8 79.2 
                
HB:EUK ratio   0.22 0.15 0.38 0.45 0.35 0.30 0.46 0.36 0.52 0.62 0.42 0.38 0.26 0.49 
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4.3.3 Net primary production and community respiration  
Net primary production (NPP), measured as net TIC uptake and net release of DO, 
occurred in the light incubations, while dark incubations exhibited net TIC production and 
net decreases in DO. Net oxygen production was 7.2 r 2.3 µmol O2 mol CBiofilm-1 hr-1 and 
net TIC uptake was 23.2 r 5.3 µmol C mol CBiofilm-1 hr-1 in the light enclosures at VR-1 
(Fig. 4.1a). At VR-2, net oxygen production was 54.3 r 10.0 µmol O2 mol CBiofilm-1 hr-1 and 
net TIC uptake was 82.2 r 9.0 µmol C mol CBiofilm-1 hr-1 in the light mesocosms in fall (Fig. 
4.1a). In summer, 51.8 r 4.8 µmol O2 mol CBiofilm-1 hr-1 were produced and net TIC uptake 
was 122.8 r 9.2 µmol C mol CBiofilm-1 hr-1 in the light mesocosms (Fig. 4.1a). At RR-2, 
oxygen production was 45.2 r 3.3 µmol O2 mol CBiofilm-1 hr-1 and net TIC uptake was 93.2 
r 9.2 µmol C mol CBiofilm-1 hr-1 in the light mesocosms (Fig. 4.1a). A correlation between 
NPP (as C uptake) and biofilm chlorophyll a (p = 0.12), b (p = 0.10), and c (p = 0.25) 
content was not observed. 
Net oxygen consumption was 15.4 r 5.5 µmol O2 mol CBiofilm-1 hr-1 and net TIC 
production was 25.3 r 3.8 µmol C mol CBiofilm-1 hr-1 in the dark chambers at VR-1 (Fig. 
4.1b). At VR-2, net oxygen consumption was 24.7 r 5.1 µmol O2 mol CBiofilm-1 hr-1 and net 
TIC production was 39.7 r 5.9 µmol C mol CBiofilm-1 hr-1 in the dark enclosures in fall (Fig. 
4.1b). In summer, net oxygen consumption was 14.3 r 0.2 µmol O2 mol CBiofilm-1 hr-1 and 
27.7 r 11.5 µmol C mol CBiofilm-1 hr-1 were produced in the dark chambers (Fig. 4.1b). At 
RR-2, net oxygen consumption was 28.9 r 0.4 µmol O2 mol CBiofilm-1 hr-1 and 51.9 r 8.6 
µmol C mol CBiofilm-1 hr-1 were produced in the dark enclosures (Fig. 4.1b).  
The DO and TIC data presented here revealed that the respiratory quotients (RQ = 
+'CO2/-'O2) and photosynthetic quotients (PQ = +'O2/-'CO2) ranged from 1.4 to 1.9 
and from 0.3 to 0.7, respectively, and cannot be assumed to be equal to 0.8 ± 1.5 in this 
 Chapter 4 Page 23 of 47  
study as it is often reported for freshwater and marine systems (Bell and Kuparinen, 
1984; del Giorgio et al., 1997; Robinson et al., 1999; Goto et al., 2008). However, wide 
ranges in PQ and RQ, especially seasonally, have been reported in other studies, for 
example in the presence of anaerobic degradation processes (Glud, 2008). Here, we 
present C uptake and release rates when describing NPP processes as using the direct 
C rates data is likely more accurate when estimating C production and mineralization 
(Wetzel and Likens, 2000; Glud, 2008). The DO measurements were used to verify the 
C data and show a similar trend in each mesocosm (for details see appendix A4). 
Gross primary production (GPP) was estimated from the sum of NPP and 
community respiration (as changes in TIC), assuming that community respiration 
measured in the dark was equivalent to the respiration that occurred in the light 
chambers. Lowest rates were measured at VR-1 (46.9 ± 49.3 µmol C mol CBiofilm-1 hr-1) 
and highest rates were observed at VR-2 and RR-2 (108.3 ± 193.7 µmol C mol CBiofilm-1 
hr-1; Fig. 4.1c). Photosynthesis to respiration (P:R) ratios varied from 1.8 to 2.4 at VR-1, 
3.0 to 4.0 at VR-2 in fall 2009, 4.1 to 7.2 at VR-2 in summer 2010, and from 2.8 to 3.3 at 
RR-2, indicating biofilms were net autotrophic at all of these sites (Odum, 1956). 
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Figure 4.1: Biofilm-normalized net inorganic carbon (TIC) uptake (net primary production; a) in 
the light mesocosms (L1, L2, L3) and production (community respiration; b) in the dark 
mesocosms (D1, D2, D3), and gross primary production (GPP; c) estimated from the sum of net 
primary production of each light mesocosm and average community respiration at Virginia River 
upstream (VR-1), Virginia River downstream (VR- DQG 5HQQLH¶V 5LYHU GRZQVWUHDP 55-2). 
Values correspond to 3 analytical replicates per mesocosm r one standard deviation. 
 Chapter 4 Page 25 of 47  
4.3.4 DOC release and uptake 
Total net DOC release during the light incubation was lower than NPP at the VR 
sites and surprisingly higher than NPP at RR-2. The net DOC released varied from 
below detection (in chambers L1 and L3; Table 4.4a) to 19.2 r 11.2 µmol C mol CBiofilm-1 
hr-1 (in chamber L2; Table 4a) in the light mesocosms at VR-1. The large standard 
deviation in L2 represents the variation in the individual chamber analytical replicates (n 
= 3); however, changes between initial and final measurements for this chamber were 
significant (p = 0.02). At VR-2, the average net DOC released was 17.9 r 2.3 µmol C mol 
CBiofilm-1 hr-1 and 20.2 r 6.5 µmol C mol CBiofilm-1 hr-1 in summer and fall, respectively. At 
RR-2, net DOC release in the light incubations was 109.4 r 19.5 µmol C mol CBiofilm-1 hr-1. 
The increase in G13CDOC in the light enclosures was ÅDW95-DQGÅDW55-2 in 
summer, and below detection at VR-1 DQGÅDW95-2 in the fall. Primary production 
as net DOC released (PPDOC), measured based on the fraction of DOC derived from TIC 
that was fixed during the incubation, and the change in G13CDOC over the incubation 
period, was between 0.8 and 2.2 µmol C mol CBiofilm-1 hr-1 at VR-2 and between 1.4 and 
1.9 µmol C mol CBiofilm-1 hr-1 at RR-2. PPDOC was below detection at VR-1. These PPDOC 
values represent only 1 % of biofilm NPP at RR-2, less than 1 % at VR-1, and 3 to 10 % 
at VR-2 (Fig. 4.2). A correlation between PPDOC released and biofilm chlorophyll a (p = 
0.16), b (p = 0.29), and c (p = 0.19) content was not observed. Furthermore, net DOC 
uptake in the dark incubations varied from below detection to 11.3 r 7.1 µmol C mol 
CBiofilm-1 hr-1 at VR-1 and VR-2, and was below detection in the dark mesocosms at RR-2. 
 Carbon-specific biofilm PP in the light enclosures of RR-2 and VR-2, measured 
based on the fraction of biofilm C derived from TIC that was fixed during the incubation 
and the change in G13CBiofilm over the incubation period, was similar at the two sites and 
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varied from 0.8 to 1.5 mmol C mol CBiofilm-1 hr-1 (Fig. 4.3). Carbon-specific biofilm PP was 
below detection at VR-1.  
 
Table 4.4a: Total net dissolved organic carbon (DOC) release to stream 
water normalized to biofilm biomass (µmol C mol CBiofilm-1 hr-1) in the light 
incubations (L1, L2, L3) at Virginia River upstream (VR-1), Virginia River 
downstream (VR-2), and Rennie's River downstream (RR-2). Values 
correspond to 5 replicates ± one standard deviation. NS: Not significant. 
 
Site Season DOC release
    L1 L2 L3 
VR-1 Fall 2009 NS 19.2 ± 11.2 NS 
VR-2 Fall 2009 23.9 ± 4.3 18.0 ± 4.2 18.7 ± 2.7 
VR-2 Summer 2010 11.9 ± 1.2 NS 24.0 ± 2.0 
RR-2 Summer 2010 135.5 ± 15.9 89.0 ± 5.5 103.8 ± 9.8 
 
 
Table 4.4b: Total net dissolved organic carbon (DOC) uptake from 
stream water normalized to biofilm biomass (µmol C mol CBiofilm-1 hr-1) in 
the dark incubations (D1, D2, D3) at Virginia River upstream (VR-1), 
Virginia River downstream (VR-2), and Rennie's River downstream (RR-
2). Values correspond to 5 replicates ± one standard deviation. NS: Not 
significant. 
 
Site Season DOC uptake
    D1 D2 D3 
VR-1 Fall 2009 NS 10.8 ± 0.6 NS 
VR-2 Fall 2009 NS 10.3 ± 3.7 12.2 ± 6.1 
VR-2 Summer 2010 2.4 ± 1.0 3.9 ± 1.7 7.6 ± 2.1 
RR-2 Summer 2010 NS NS NS 
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Figure 4.2: Newly fixed carbon released as dissolved organic carbon during the course of light 
incubation at Virginia River (VR- DQG 5HQQLH¶V 5LYHU 55-2) given as a percentage of net 
primary production. Values correspond to mesocosm averages (L1, L2, L3) r one standard 
deviation. BD: Below detection. 
 
 
Figure 4.3: Carbon-specific biofilm primary production (PPBiofilm) in the light mesocosms (L1, L2, 
L3) at Virginia River (VR-DQG5HQQLH¶V5LYHU(RR-2). 
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4.3.5 Newly fixed C incorporation into biofilm PLFA 
Total biofilm C-normalized CNF incorporation rates into PLFA in the light 
incubations varied from 9.71 to 14.39 nmol PLFA-CNF mol CBiofilm-1 hr-1 at RR-2, 
whereupon biofilm C-normalized CNF incorporation rates specifically determined for 
heterotrophic and eukaryotic PLFA ranged from 0.10 to 0.30 nmol PLFA-CNF mol CBiofilm-1 
hr-1 and from 0.79 to 1.39 nmol PLFA-CNF mol CBiofilm-1 hr-1, respectively (Table 4.5). At 
VR-2, total biofilm C-normalized CNF incorporation rates ranged from 14.07 to 22.06 
nmol PLFA-CNF mol CBiofilm-1 hr-1 with biofilm C-normalized CNF incorporation rates 
specifically determined for heterotrophic and eukaryotic PLFA having varied from 0.46 to 
1.00 nmol PLFA-CNF mol CBiofilm-1 hr-1 and from 1.55 to 2.36 nmol PLFA-CNF mol CBiofilm-1 
hr-1, respectively (Table 4.5). Total biofilm C-normalized CNF incorporation rates were not 
significantly different between RR-2 and VR-2 (p = 0.07), however, biofilm C-normalized 
CNF incorporation rates specifically determined for heterotrophic (p = 0.03) and 
eukaryotic PLFA (p = 0.02) were significantly different among the two study sites. A 
significant correlation was observed between biofilm-specific PP and the rate of CNF into 
eukaryotic PLFA (p = 0.04), but not into heterotrophic bacterial (p = 0.06) and total (p = 
0.14) PLFA. The ratios of CNF incorporation into heterotrophic bacterial relative to 
eukaryotic PLFA ranged from 0.07 to 0.29 at RR-2, and from 0.28 to 0.42 at VR-2 (Table 
4.5), and were not significantly different between the two sites (p = 0.08). Biofilm C-
normalized CNF incorporation rates were below detection in the dark incubations at both 
RR-2 and VR-2.  
The CNF incorporation into biofilm PLFA in the light mesocosms, expressed as the 
total PLFA-CNF relative to total PLFA-C, varied from 30.09 to 40.81 nmol PLFA-CNF µmol 
PLFA-Ctotal-1 hr-1 at RR-2, whereupon CNF incorporation into heterotrophic bacterial and 
eukaryotic PLFA ranged from 1.80 to 3.92 nmol PLFA-CNF µmol PLFA-Ctotal-1 hr-1 (5 ± 10 
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% of total CNF in the PLFA attributed to heterotrophic bacterial PLFA; Table 4.5), and 
from 7.23 to 8.36 nmol PLFA-CNF µmol PLFA-Ctotal-1 hr-1 (19 ± 25 % of total CNF in the 
PLFA attributed to eukaryote PLFA; Table 4.5), respectively. PLFA concentration-
normalized rates of CNF incorporation into biofilm PLFA in the light incubations at VR-2 
were slightly lower (but not significant: p = 0.14) compared to RR-2, and ranged from 
28.97 to 31.83 nmol PLFA-CNF µmol PLFA-Ctotal-1 hr-1. PLFA concentration-normalized 
rates of CNF incorporation specifically into heterotrophic bacterial and eukaryotic PLFA, 
however, was higher (both p = 0.02) at VR-2 compared to RR-2 and varied from 7.23 to 
8.36 nmol PLFA-CNF µmol PLFA-Ctotal-1 hr-1 (10 ± 12 % of total CNF in the PLFA attributed 
to heterotrophic bacterial PLFA; Table 4.5), and from 8.35 to 8.68 nmol PLFA-CNF µmol 
PLFA-Ctotal-1 hr-1 (27 ± 29 % of total CNF in the PLFA attributed to eukaryote PLFA; Table 
4.5), respectively. The ratios of CNF incorporation into heterotrophic bacterial relative to 
eukaryotic PLFA ranged from 0.22 to 0.48 (Table 4.5) and were not significantly different 
between the two sites (p = 0.19). PLFA concentration-normalized rates of CNF 
incorporation into biofilm PLFA were below detection, as expected, in the dark 
mesocosms at both RR-2 and VR-2.  
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Table 4.5: Uptake rate of newly fixed carbon into biofilm phospholipid fatty acids (PLFA) provided as the biofilm carbon-normalized rate (CNF, nmol 
PLFA-CNF mol CBiofilm-1 hr-1) and percent of total CNF incorporated into the biofilm PLFA allocated to specific PLFA or PLFA groups (CNF as % PLFA-
CNF, %) in the light incubations at Rennie's River and Virginia River downstream. Values were derived from single fatty acid extractions and three 
analysis replicates (L1, L2, L3). 
 
 5HQQLH¶V5LYHU (RR-2) Virginia River (VR-2) 
Microbial groups Fatty acids L1 L2 L3 L1 L2 L3 
  CNF CNF as % 
PLFA-C 
CNF CNF as % 
PLFA-C 
CNF CNF as % 
PLFA-C 
CNF CNF as % 
PLFA-C 
CNF CNF as % 
PLFA-C 
CNF CNF as % 
PLFA-C 
 Total 14.4  14.2  9.7  14.1  22.6  17.6  
              
Heterotrophic 
bacteria (HB) 
i15:0 0.1 5.4 0.2 6.4 0.2 5.9 0.2 5.5 0.4 6.2 0.2 6.1 
a15:0 - - 0.1 3.2 0.0 1.2 0.3 5.0 0.6 6.1 0.3 5.9 
Total HB 0.1 5.4 0.3 9.6 0.2 7.1 0.5 10.5 1.0 12.2 0.6 12.0 
              
Eukaryotes 
(EUK), e.g. green 
algae, diatoms, 
fungi 
18:2Z6 0.8 9.0 0.5 5.7 0.4 8.9 0.4 10.2 0.7 10.0 0.5 9.7 
18:3Z3 0.4 11.3 0.3 9.0 0.2 9.6 1.0 15.4 1.3 13.4 1.1 15.3 
20:5Z3 0.2 4.9 0.2 5.2 0.2 5.5 0.2 3.2 0.3 3.6 0.3 3.3 
Total EUK 1.4 25.2 1.0 19.9 0.8 24.0 1.6 28.8 2.4 27.0 2.0 28.2 
              
General (G) 14:0 0.3 8.7 0.6 9.0 0.3 12.1 1.1 15.6 1.6 13.7 0.8 12.6 
16:0 5.7 14.1 4.5 13.6 2.9 12.3 5.6 12.3 7.8 10.9 6.5 11.6 
16:1Z7 3.6 17.1 4.6 15.4 3.3 15.8 4.2 13.4 7.8 13.7 6.1 14.3 
18:0 0.6 8.6 0.6 12.4 0.4 10.6 0.2 6.0 0.4 7.2 0.3 6.2 
18:1Z9c 0.6 7.3 0.5 8.4 0.4 7.9 0.2 5.4 0.3 6.6 0.3 6.5 
18:1Z9t 2.2 13.6 2.1 11.8 1.5 10.1 0.7 8.0 1.3 8.7 1.0 8.6 
Total G 12.9 69.4 12.9 70.5 8.7 68.9 12.1 60.6 19.2 60.8 15.0 59.7 
HB:EUK ratio   0.07 0.22 0.29 0.48 0.24 0.30 0.30 0.36 0.42 0.45 0.28 0.43 
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4.3.6 Net phosphorus and nitrogen uptake and production 
Net P uptake or production rates were below detection in all instances, except at 
VR-1, where a net production of 0.01 µM P hr-1 as SRP was observed in the light 
enclosures. Net TDN production was 0.2 µM N hr-1 in the light incubations at VR-1, 
whereas 1.3 µM N hr-1 were consumed in the light enclosures at VR-2. Thereof, 0.09 µM 
N hr-1 were produced as NH4+ in the light incubations at VR-1 and 0.1 µM N hr-1 were 
consumed as NH4+ in the light enclosures at VR-2. Changes in TDN or NH4+ were not 
detectable in the light incubations at RR-2. Furthermore, changes in TDN were not 
observed in the dark enclosures at VR-2, whereas TDN production was 0.1 and 0.3 µM 
N hr-1 in the dark incubations at VR-1 and RR-2, respectively. Changes in NH4+ were not 
detectable in the dark enclosures. 
 
4.3.7 The influence of labile C availability on the respiration of ambient stream 
DOC 
The mesocosm experiments at RR-2 included a second set of light (n = 3) and 
dark (n = 6) incubations that were used to assess the influence of CNF and added 
glucose on the mineralization of stream DOC. All mesocosms were set-up and filled with 
stream water within 30 minutes of sunrise, however, this second set was not sampled 
until approximately one hour following sunrise. The initial DOC concentration in the light 
and dark mesocosms that were spiked with 13C-bicabonate and sampled first ranged 
from 405 to 410 µM C (Fig. 4.4). The second set of mesocosms, sampled over an hour 
later, exhibited elevated DOC concentrations (475 ± 490 µM C; Fig. 4.4) relative to the 
earlier set, likely a result of the later sampling time having occurred following sunrise. 
Congruent with this, the initial TIC concentration in this second set of mesocoms was 
lower (275 ± 295 µM C) than the initial measurements from the first set of mesocosms 
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(382 ± 387 µM C). Here, estimates of the differences between initial and final samples 
are reported for each treatment individually. 
 
 
Figure 4.4: Changes in dissolved organic carbon (DOC) concentration in the light (n = 6) and 
dark chambers (n = 9) incubated in 5HQQLH¶V 5LYHU RYHr a 24-hour incubation period. Values 
represent mesocosm averages (n = 3 each) r one standard deviation.  
Note: The initial DOC concentration (t = 0) and the measurement taken after 8 hours were 
derived from the mesocosms that were spiked with 13C-bicarbonate (first set), whereas the 
measurements taken after one hour, 10 hours, and 24 hours were derived from the second set of 
light mesocosms, assuming that the same processes occurred in all 6 light mesocosms. Symbols 
are aligned in the order of sampling. 
* Three of the six dark incubations received 13C-ODEHOOHGJOXFRVH0&ÅDWGXVNDVD
labile substrate to determine if respiration of stream DOC increased as a result of the glucose 
treatment. The remaining three dark incubations served as a control. 
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While net DOC uptake was not measurable in the 13C-bicarbonate labeled dark 
mesocosms of the first set (Table 4.4b), it was measureable and varied from 53 to 69 
µmol C mol CBiofilm-1 hr-1 in the second set of dark mesocosms incubated from sunrise till 
dusk (approximately 10 hours). This second set of dark incubations proceeded through 
the night until sunrise, and exhibited a total net DOC uptake between 37 and 85 µmol C 
mol CBiofilm-1 hr-1 during the whole incubation (approximately 24 hours). Hence, only 5 to 
12 µmol C mol CBiofilm-1 hr-1 were used during the incubation at night. The net TIC 
production, or respiration, also decreased during the night. While the average TIC 
production that occurred from sunrise till sunset was 24 µmol C mol CBiofilm-1 hr-1 in these 
dark enclosures (Table 4.4a), the average net TIC production from sunrise until the next 
morning (24 hours) was only 14 µmol C mol CBiofilm-1 hr-1 during the course of night 
incubation (dusk to dawn; Table 4.6b). The drop in water temperature (to approximately 
12qC) during the night was likely a major factor reducing microbial activity in the 
overnight incubations. As expected, net DOC release in the light incubations was 
negligible (0.1 and 0.8 µmol C mol CBiofilm-1 hr-1 measured in L1 and L3, respectively) 
during the incubation at night. The mesocosm chamber L2 exhibited a net DOC uptake 
of 11 µmol C mol CBiofilm-1 hr-1 during the incubation at night. Average net TIC production 
was 32 µmol C mol CBiofilm-1 hr-1 in these enclosures from dusk until sunrise (Table 4.6b).  
Three of the six dark incubations received 13C-labeled glucose (42 µM C; 551 Å
at dusk as a labile substrate to determine if respiration of extant stream DOC increases 
as a result of added labile C. The remaining three dark incubations served as a control. 
In all three instances where glucose was added, microbial respiration did not increase 
relative to the incubations without glucose. Also, the amount of C respired (16.0 ± 5.8 
µmol C mol CBiofilm-1 hr-1) was significantly lower in the incubations where glucose was 
added relative to the enclosures that likely received labile C from algal sources 
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throughout the light incubation (32 µmol C mol CBiofilm-1 hr-1). The proportion of glucose 
that was respired (RGlucose) in the glucose treatment mesocosms was relatively small (3 ± 
4 µmol C mol CBiofilm-1 hr-1), whereas the average respiration of stream organic carbon 
(RStream-OC) was 12.8 ± 5.1 µmol C mol CBiofilm-1 hr-1 (from dusk to dawn). Furthermore, 
RStream-OC in the glucose treatment mesocosms did not differ significantly from the 
incubations without glucose (control, 14.2 ± 8.0 µmol C mol CBiofilm-1 hr-1; p = 0.30) or 
Rtotal (16.0 ± 5.8 µmol C mol CBiofilm-1 hr-1; p = 0.29) when glucose was added. These 
results suggest that the added glucose did not stimulate the microbial use of extant 
stream organic matter at RR.  
 
Table 4.6a: Respiration rates presented as total inorganic carbon 
(TIC, µmol C mol CBiofilm-1 hr-1) production in the mesocosms, as well 
as primary production presented as TIC uptake in the light 
mesocosms from dawn to dusk. Each set of mesocosms included 
three light and three dark chambers. Values correspond to mesocosm 
averages (n = 3) ± one standard deviation. 
 
1st mesocosm set 2nd mesocosm set 
Dark (TIC production) 
51.9 ± 8.6 23.6 ± 5.8 
  
Light (TIC uptake) 
93.2 ± 9.2 87.6 ± 1.0 
 
 
 
Table 4.6b: Respiration rates presented as total inorganic carbon 
(TIC, µmol C mol CBiofilm-1 hr-1) production in the mesocosms from dusk 
to dawn. Values were derived from the second mesocosm set and 
included three light and three dark chambers. Additionally, three dark 
chambers were spiked with glucose at dusk. Values correspond to 
mesocosm averages (n = 3) ± one standard deviation. 
Dark control Dark+Glucose Light 
14.2 ± 8.0 16.0 ± 5.8 32.2 ± 3.2 
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4.4 Discussion 
+HDGZDWHU VWUHDPV DUH ³KRW VSRWV´ RI ELRJHRFKHPLFDO WUDQVIRUPDWLRQV LQ WKH
watershed, yet boreal catchments are responsible for the transport of significant 
quantities of organic matter (Post et al., 1982; Gorham, 1991; Molot and Dillon, 1996; 
Aitkenhead and McDowell, 2000; Pastor et al., 2003). Questions abound regarding the 
role of stream biofilms in the biogeochemical cycling of this organic matter, including its 
mineralization to CO2, and the response of that mineralization to environmental change. 
Environmental changes, specifically nutrient enrichment, are followed by an alteration in 
biofilm community composition, activity levels, and interspecies interactions. External 
DOC and nutrient sources can break the link between heterotrophic and autotrophic 
communities and affect processes such as respiration as well as nutrient release and 
retention (Bernhardt and Likens, 2002; Scott et al., 2008; Lyon and Ziegler, 2009). The 
aim of this study was to investigate the importance of autotrophic-heterotrophic linkages 
in nutrient-impacted boreal streams, specifically whether (1) autotrophic carbon sources 
are important to supporting epilithic biofilms in nutrient-enriched boreal streams, and (2) 
whether autotrophic or labile carbon sources influence the use of allochthonous DOC. 
Dissolved organic carbon released from biofilms was not clearly linked to CNF but 
was stimulated by autotrophic activity and nutrients in the boreal urban streams studied 
here. A greater proportion of organic C was derived from CNF during primary production 
at the most nutrient-rich site compared to the sites with lower nutrient concentrations. 
Net DOC release into the stream water was, however, lower than NPP. Further, the 
uptake of CNF into eukaryotic and heterotrophic biofilm PLFA was higher at the most 
nutrient-rich site relative to the sites with lower nutrient concentrations. These findings 
suggest that higher nutrient levels in these streams can result in increased autotrophic 
activity and a higher capacity of the biofilms to incorporate autochthonous C.  
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Priming effects associated with glucose additions were not observed in these 
urban boreal stream biofilms. However, priming effects on the mineralization of stream 
DOC may occur with increases in autotrophic C inputs ± sources that cannot be easily 
mimicked through C additions but rather through following the influence of newly fixed or 
autochthonous C production on stream DOC mineralization. Results here suggest that 
light-mediated activities, whether through autotrophic activity itself or the C released by 
this activity, were important to supporting greater organic matter mineralization by these 
biofilms.   
 
4.4.1 Nutrient and carbon dynamics in nutrient-rich boreal stream biofilms 
Gross primary production, NPP, net DOC release, PPDOC, and PPBiofilm measured in 
the light mesocosms in this study were higher at the nutrient-rich sites (VR-2 and RR-2) 
relative to the nutrient-poor site (VR-1), coinciding with higher stream DIN, DON, SRP, 
and TP concentrations, as well as lower DOC concentrations at VR-2 and RR-2 relative 
to VR-1. This also coincided with biofilm chlorophyll content, C and N content, G13C and 
G15N, as well as P:R ratios indicative of more autotrophic biofilms. Nitrogen uptake rates 
(as TDN and NH4+) were only detectable in the light mesocosms at VR-2, the most 
nutrient-rich site in this study, indicating that stream water N plays a significant role in 
supporting primary production at this site and biofilm N demand likely increases with 
increasing algal production. The lower N uptake and release rates at VR-1 and RR-2 
suggest that these biofilms were likely fueled by N produced and cycled within the 
biofilm. The fact that TDN uptake could not be measured in the dark incubations 
indicates that TDN uptake may be dominated by photoautotrophic microorganisms (Hall 
and Tank, 2003; Lyon and Ziegler, 2009). Heterotrophs may, however, not be able to 
use the N substrates without a labile C source, which may be available in the light 
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incubations due to autotrophic production (Lyon and Ziegler, 2009; Lane et al., 2012; 
Franke et al., 2013a). 
Net DOC release in the light mesocosm incubations did not exhibit a clear 
relationship with NPP and the minor fraction of CNF in the DOC released highlights the 
potential importance of detrital sources of DOC from these biofilms. This was evident 
through the higher net DOC release compared to NPP at RR-2, indicative of excess 
DOC released by the biofilms in the light incubations at this site. This also suggests that 
a major proportion of the released DOC at the sites with lower nutrient concentrations 
was derived from older C stored within the biofilm rather than fixed C during the 
incubation, which is, again, suggestive of a more detrital component in these biofilms. 
These findings coincided with the lower PLFA concentrations of the boreal stream biofilm 
communities studied here relative to temperate systems (Lyon and Ziegler, 2009). 
$JJUHJDWHVRIVXFKGHWULWDOPDWHULDORIWHQGHVFULEHGDV IUHHO\ IORDWLQJ IORFVRU ³VQRZ´
provide important surface areas for microbial colonization and may contain significant 
amounts of DOC and nutrients (Fischer, 2003; Sinsabaugh and Foreman, 2003).  
The minor fraction of CNF in the DOC released further suggests that the DOC 
produced was not necessarily released into the stream water at these sites but rather 
stored and cycled within the biofilm. The findings here suggest a tight autotrophic-
heterotrophic linkage in these biofilms, and reveal that higher nutrient levels can result in 
a greater capacity to incorporate autochthonous C. At VR-2, the most nutrient-rich site 
with the highest algal abundance, a greater proportion of DOC was derived from CNF 
during primary production. Furthermore, the uptake of CNF into eukaryotic and 
heterotrophic biofilm PLFAs was higher at the most nutrient-rich site (VR-2) relative to 
the site with lower nutrient concentrations (RR-2). The ratios of CNF incorporation into 
heterotrophic bacterial relative to eukaryotic PLFA were, however, not significantly 
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different between the two study sites, and were similar to the ratios found in temperate 
streams (Lyon and Ziegler, 2009) that exhibited lower DOC concentrations and much 
higher nutrient levels compared to the boreal streams studied here. The absolute rates 
of autotrophy in these boreal streams were, however, significantly lower than observed 
in highly nutrient-impacted temperate streams (Lyon and Ziegler, 2009), further 
indicating the potential importance of nutrients. More specifically, Lyon and Ziegler 
(2009) measured a greater proportion of CNF released as DOC in temperate streams (5 ± 
30 % compared to 1 ± 10 % in our study). The PPDOC rates and PPBiofilm rates determined 
in this study were also lower (4 ± 140 and 3 ± 6 times, respectively) compared to the 
rates measured in the nutrient-rich temperate streams (Lyon and Ziegler, 2009). These 
findings coincided with the lower PLFA concentrations of the boreal stream biofilm 
communities relative to the temperate stream biofilms (Lyon and Ziegler, 2009). 
Additional to the importance of nutrients, climatic conditions, i.e. temperature, may affect 
the biofilm composition by regulating the decomposition of organic matter by 
heterotrophs (Schiff et al., 1998; Davidson and Janssens, 2006; Bragazza et al., 2009; 
Chapin et al., 2011) and likely more so than algal production. This was evident through 
the relatively lower distribution of heterotrophic PLFA compared to algal PLFA in the 
boreal stream biofilms studied here relative to temperate streams (Lyon and Ziegler, 
2009), whereas the proportion of algal PLFA was relatively similar when comparing 
these two systems. 
The rates of CNF incorporated into the biofilm exceed the estimates of GPP 
significantly by roughly an order of magnitude. This, again, suggests that CNF is primarily 
retained in the biofilm while the DOC released and C respired by the biofilm is not 
significantly supported by the CNF but likely largely supported by allochthonous C 
sources. This is supported by the fact that PPDOC was a low percentage of NPP. The 
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DOC releases discussed here were light-mediated since they were not measured in the 
dark mesocosms, where uptake or no change at all in DOC was detected. Although 
DOC released did not reflect newly fixed autotrophic C sources, results from this study 
suggest that autotrophic C sources may play a significant role supporting microbial 
activity in the biofilms, which could influence DOC cycling including its release.   
 
4.4.2 The influence of labile carbon availability on the respiration of ambient 
stream organic carbon 
Allochthonous DOC sources typically dominate boreal headwater streams. Under 
nutrient enrichment conditions, however, autochthonous DOC sources may have the 
potential to stimulate allochthonous DOC use by stream biofilm communities. Labile 
DOC additions did not stimulate the microbial mineralization of ambient organic carbon 
in these boreal streams; however, observations here do suggest autotrophic activity 
stimulates biofilm mineralization. Total respiration was significantly lower in the 
incubations where glucose was added relative to the enclosures that had received labile 
C from algal sources from the previous light incubation prior to dusk. Photosynthetically-
produced labile C sources may have provided energy and C supporting the increased 
mineralization by the biofilms in the previously exposed to the light relative to the dark 
glucose or control incubations. However, the increased respiration could have been 
attributed to any of the biofilm components, including respiring autotrophs, since total 
average respiration (as dusk-dawn measurement) was almost twice as high in the 
mesocosms that were held in the light throughout the day relative to the control 
mesocosms incubated in the dark and the mesocosms that were spiked with glucose. 
Therefore, we cannot determine if increases in allochthonous stream C mineralization 
occurred with autotrophic activity. Results here, however, are important in distinguishing 
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a significant difference between priming via substrate addition and the potential for 
priming via more direct autotrophic inputs ± a more likely scenario given the autotrophic-
heterotrophic linkages demonstrated in this and other studies. 
Labile substrates, analogous with algal inputs, can have opposing effects on the 
fate of stream DOC potentially depending upon nutrient availability and/or biofilm activity 
(Franke et al., 2013a; Franke et al., 2013b). The mineralization rates measured in the 
enclosures that had received labile C from algal sources from the previous light 
incubation prior to dusk may in part be influenced by the availability of inorganic N and P 
in these streams as well as the activity of the biofilms. In particular, labile C such as algal 
products may limit the biofilms present at the relatively nutrient-enriched RR-2 site where 
N and P were available. The biofilms may be able to extract energy from labile C when N 
and P are provided. This was also observed in the substrate addition experiments (N 
and P in combination with 13C-glucose) conducted in the urban streams on the Northeast 
Avalon Peninsula (Franke et al., 2013b), which are adjacent and similar to RR-2, as well 
as in selected pristine streams in the Humber River watershed (Franke et al., 2013a). 
Also, the substrate additions in most cases likely stimulated the incorporation rather than 
mineralization of the more N- and P-rich extant stream organic matter (Franke et al., 
2013a). This may have also occurred in the dark incubations here that received glucose. 
Hence, lower mineralization rates were measured compared to the incubations that were 
held in the light throughout the day and which may have contained labile C sources and 
likely more active biofilms including respiring autotrophs. All together, these effects 
suggest that increased nutrient enrichment may increase losses of more labile versus 
more complex substrates in these streams. The differential loss of more complex versus 
simple substrates, however, may be altered by priming effects fueled by increased labile 
sources with nutrient enrichment. 
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The results from this study show that photosynthetically-produced labile C sources 
may be of significance in these urban boreal streams as they likely allow the 
mineralization of organic matter by microbial communities, whether in form of newly 
fixed, older, or allochthonous organic matter. Autotrophic-heterotrophic microbial 
interactions and the influence of potential priming effects need to be further investigated 
in a large variety of aquatic ecosystems contrasting in watershed organic matter source 
and composition as well as nutrient availability in order to further contribute to the 
understanding of microbial carbon and nutrient cycling in the aquatic environment and 
the link between aquatic and terrestrial carbon cycles, as well as the responses of 
ecosystems to anthropogenic perturbations. 
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Summary and general conclusions 
Recent recognition of the role of inland waters in the global carbon (C) cycle has 
fueled interest in understanding factors regulating watershed C cycling and its linkages to 
the terrestrial environment (Tranvik, 1992; Cole and Caraco, 2001; Cole et al., 2007; Guenet 
et al., 2010). Understanding the nutrient and organic matter dynamics of boreal headwater 
streams is essential to our ability to decipher biogeochemical linkages across such 
terrestrial-aquatic boundaries. This dissertation addressed questions regarding the role of 
photochemical processes and stream biofilms in the biogeochemical cycling of dissolved 
organic matter (DOM) in boreal headwater streams. This included the mineralization of DOM 
to CO2 and the response of that mineralization to environmental change, such as nutrient 
enrichment and variation in watershed landcover and its connectivity with the aquatic 
landscape.  
The mineralization or fate of DOM is likely regulated by DOM source or composition 
and nutrient availability in boreal landscapes (Berggren et al., 2007). Due to the prevalence 
of allochthonous organic matter in boreal headwater streams, environmental changes have 
great potential for altering DOM source and, by extension, its composition and cycling. From 
studies conducted in more temperate streams it is known that increases in labile C and 
nutrient availability can alter substrate sources for microorganisms. Since autotrophs and 
heterotrophs may rely less on regenerated nutrients and photosynthetically-derived C, 
respectively, such changes in C and nutrient availability can break the link between 
autotrophic and heterotrophic communities and affect processes such as respiration, nutrient 
release and retention (Bernhardt and Likens, 2002; Scott et al., 2008; Lyon and Ziegler, 
2009). In low nutrient boreal streams, where organic forms of nitrogen (N) and phosphorus 
(P) may be the primary reservoirs of nutrients (Stepanauskas et al., 2000; Moore, 2009), 
biofilms may be able to extract energy from new labile C sources when inorganic nutrients 
are increased and use this energy to form biomass while inhibiting the mineralization of 
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extant DOM (Kaushal and Lewis, 2005). Furthermore, photomineralization and 
phototransformation of organic matter may regulate the cycling and fate of this key C 
reservoir due to the potential increase in the biological availability of C, N, and P (Bushaw et 
al., 1996; Moran and Zepp, 1997; Gao and Zepp, 1998; Tranvik et al., 1999), which may 
stimulate its use by microorganisms. This is particularly important for boreal environments, 
where most of the DOM is allochthonous, characterized by a high concentration of colored, 
humic substances, and thus expected to be highly photoreactive.  
 Due to their important role in the storage, transformation, and transport of terrestrial C 
and their influence on regional and global C balances, boreal headwater stream 
biogeochemical processes must be better understood in order to elucidate C and nutrient 
dynamics, particularly with regard to environmental change. However, such studies 
accomplished in boreal watersheds are limited. Most work investigating the photochemical 
transformation of DOM in the boreal aquatic environment has been conducted in ponds, 
lakes and reservoirs (Tranvik et al., 1999; Bertilsson and Tranvik, 2000; Vähätalo et al., 
2003) due to the static nature and light availability in these ecosystems. Headwater streams 
may not represent hot spots for photochemical transformations in the aquatic landscape; 
however, they are locations that are most intimately associated with the landscape, and 
therefore often subjected to the elevated inputs of allochthonous DOM. Understanding 
whether headwater stream DOM varies in its potential to be phototransformed is critical as it 
represents an important source of DOM to these other downstream water bodies that 
receive more light (Franke et al., 2012). Further, most studies investigating the microbial 
cycling of DOM in boreal watersheds have focused on planktonic communities (Tranvik, 
1988, 1989; Jansson et al., 2000; Anesio et al., 2005; Haukka et al., 2005). Even though the 
biogeochemical processing in boreal streams is largely driven by heterotrophic biofilm 
microbial communities due to high DOM concentrations, limited light availability and low 
rates of primary production in these ecosystems (Tranvik, 1988, 1989; Jansson et al., 2000; 
Jonsson et al., 2001; Agren et al., 2008), factors regulating heterotrophic biofilm 
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mineralization of organic matter within boreal headwater streams have been assessed to a 
more limited extent (Paul et al., 1991; Fischer et al., 2009; Franke et al., 2013a; Franke et 
al., 2013b) and remain poorly understood. Likewise, autotrophic-heterotrophic microbial 
linkages have been assessed to a very limited extent (Scott et al., 2008; Lyon and Ziegler, 
2009; Risse-Buhl et al., 2012). No such studies have been conducted in boreal headwater 
streams with the exception of the investigations in this dissertation (Franke and Ziegler, 
2013). However, given the allochthonous dominance of DOM in boreal headwater streams, 
autochthonous DOM sources may potentially stimulate allochthonous DOM use by stream 
biofilm communities, particularly under nutrient enrichment conditions, highlighting the 
potential for changes in C cycling with nutrient enrichment in boreal headwater streams. 
Within the context of nutrient enrichment and variation in watershed landcover and its 
connectivity with the aquatic landscape, the main objectives of this dissertation were to:  
(1) Assess the variation in the photochemical lability of DOM, defined as the 
susceptibility of DOM to photomineralization and photobleaching within a large boreal 
watershed, specifically whether (a) DOM photochemical lability varied with season, reaches 
within headwater streams and among headwater streams, and a large river reach, and 
whether (b) the photochemically labile fraction of DOM represents a significant proportion of 
DOM in terms of C, N, and P in a boreal watershed.  
(2) Assess how heterotrophic biofilm mineralization of stream DOM (a) varies within a 
large boreal watershed and (b) is influenced by labile forms of C, N, and P. 
(3) Investigate how nutrient enrichment and DOM character influences stream biofilm 
respiration and the factors limiting stream biofilm respiration. 
(4) Investigate the importance of autotrophic-heterotrophic linkages in nutrient-
impacted boreal streams, specifically whether (a) autotrophic C sources are important to 
supporting epilithic biofilms in nutrient-enriched boreal streams, and (b) whether autotrophic 
or labile C sources influence the use of allochthonous DOM. 
Summary and general conclusions Page 4 of 8  
Investigations included laboratory solar radiation exposure experiments, identification 
of DOM sources using stable isotopes, bioassay experiments to investigate heterotrophic 
biofilm mineralization of DOM, and in situ mesocosm experiments to track C and nutrient 
cycling through autotrophic and heterotrophic components of biofilm communities using 
stable isotopic labeling approaches. Results suggest boreal headwater streams in this study 
are poorly buffered against nutrient pollution given the lack of labile C sources with which to 
process N and P. Specifically, the following main conclusions can be summarized from this 
dissertation: 
Variation in the photochemical lability of DOM suggests landscape and environmental 
change has the potential to alter the biogeochemical role photochemical transformations 
play in downstream portions of boreal watersheds. In particular, DOM from upstream 
portions of forested stream sites and wetland-influenced sites may be more photolabile 
relative to downstream portions and riverine DOM, suggesting potential losses in photolabile 
DOM downstream and in the lower reaches of the watershed (Franke et al., 2012). Further, 
photomineralization and phototransformation of DOM can result in the production of low 
molecular weight chromophoric dissolved organic matter and nutrients such as ammonium 
(Franke et al., 2012), which may potentially be important for the microbial processing of 
DOM in boreal watersheds.  
Results from the substrate addition experiments in this thesis suggest catchment DOM 
source may play a significant role in regulating biofilm respiration rates in boreal headwater 
streams. Boreal stream biofilm respiration varied significantly with rates in pond-influenced 
sites and wetland-dominated catchments up to ten times those found for sites in coniferous 
forest catchments (Franke et al., 2013a). Direct additions of pond and peatland-derived 
DOM confirmed these site differences. Confirming similar differences in DOM reactivity 
typically assessed using planktonic freshwater microbial communities (Tranvik, 1988; 
Jansson et al., 2000), these results provide insight more relevant to microbial communities 
active in headwater streams. Further, results here suggest the mineralization, and therefore 
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fate, of more complex stream DOM in response to increased N and P likely differs markedly 
from more labile substrates analogous to autochthonous sources such as exudates. 
Manipulative N and P additions did not elicit an increase in DOM mineralization. Only the 
mineralization of the added glucose by the biofilms was increased with added N and P, 
signifying potential increases in N and P availability can increase microbial demand for labile 
C (Lutz et al., 2011; Franke et al., 2013a). Such labile C sources may stimulate the 
mineralization of stream DOM potentially depending upon the composition of stream DOM 
(Franke et al., 2013a). However, increased mineralization rates when labile C, N, and P 
were added in combination often coincided with a reduction in the mineralization of the 
extant stream DOM, suggesting the additions likely compete with stream DOM as a 
substrate for microbial mineralization and/or stimulate the incorporation rather than 
mineralization of the stream DOM (Franke et al., 2013a). These results provide a first look at 
potential effects of labile or autochthonous C sources on the fate of stream DOM potentially 
relevant in elevated N and P environments.  
Findings from the same experiments conducted in historically nutrient-impacted boreal 
streams further highlight the potential importance of labile C sources for DOM mineralization 
by boreal stream biofilm communities. Results here suggest nutrient enrichment may 
increase the capacity of biofilms to use and mineralize labile C substrates and the 
processing of nutrients may become limited by labile C (Franke et al., 2013b). This labile C 
mineralization, however, may not effectively stimulate extant DOM mineralization, at least 
not through water column labile inputs. In fact, priming effects associated with labile C, N, 
and P additions were ± again ± not typically observed in these stream biofilms. Light-
mediated activities, however, whether through autotrophic activity itself or the C released by 
this activity, may be important to supporting greater DOM mineralization by boreal stream 
biofilm communities, whether in form of newly fixed, older, or allochthonous organic matter 
(Franke and Ziegler, 2013). Biofilms are likely stimulated to incorporate autochthonous C 
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where primary production is likely highest, such as nutrient-enriched streams. This has 
implications for both C and nutrient cycling in boreal streams.  
In order to further contribute to the understanding of microbial C and nutrient cycling in 
the boreal aquatic environment and the link between aquatic and terrestrial C cycles, as well 
as the responses of ecosystems to climatic or anthropogenic perturbations on the fate of 
boreal stream DOM, it would be helpful to investigate:  
(1) The influence of photochemical transformations of DOM on DOM fate and nutrient 
cycling in boreal watersheds. This could be accomplished by combining photochemical 
exposure experiments with substrate addition experiments, i.e. investigating the 
mineralization of photochemical transformation products by boreal stream biofilm 
communities and the influence of these products on the mineralization of extant stream DOM 
and nutrient cycling. This study showed evidence for changes in the photolability of DOM 
from headwaters to larger reaches suggesting a loss of photolabile DOM. Such processes 
could control the fate of DOM, both through photomineralization and microbial 
mineralization, as well as nutrient cycling, and should be further investigated. 
(2) Potential priming effects on the mineralization of stream DOM via more direct 
autotrophic inputs instead of glucose additions. This could be accomplished by following the 
influence of newly fixed or autochthonous C production on stream DOM mineralization. 
Results here suggest that light-mediated activities were important to supporting greater 
organic matter mineralization by these biofilms, however, such sources cannot be easily 
mimicked through labile C (i.e. glucose) additions and need more attention.  
These proposed investigations should be conducted in a variety of aquatic ecosystems 
contrasting in watershed organic matter source and composition, nutrient levels, as well as 
stream site location to account for potential changes in landscape composition and nutrient 
availability, as well as effects on the downstream processing of DOM.  
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A1.1 Dissolved organic carbon and absorption loss following light exposure 
Table A1.1: Percent dissolved organic carbon (DOC) loss following light exposure 
at six study sites within the Humber River Basin, including a Sphagnum peatland 
bog, an upstream site (BF-1) immediately draining the bog, and a downstream site 
(BF-2) situated in a forested reach of the same stream, a wetland-dominated 
catchment (BFB), headwater streams draining primarily coniferous forest (HB), and 
the inlet and outlet of a large lake (DL) located in the lower reach of the Humber 
River. Losses in DOC and absorption were measured as the percent change in 
DOC concentration. Values are provided as averages (n=5) ± one standard 
deviation. NS: Changes were not significant.  
 
 Site Spring Summer Fall 
Bog - 2.78 ± 1.08 - 
BF-1 - 4.68 ± 0.43 - 
BF-2 - 9.65 ± 2.70 - 
BFB-1 8.32 ± 1.41 5.22 ± 0.05 5.74 ± 1.35 
BFB-2 4.90 ± 0.27 6.30 ± 1.50 5.73 ± 0.06 
HB-1 6.91 ± 0.18 3.92 ± 0.33 7.24 ± 0.94 
HB-2 3.22 ± 0.72 NS NS 
DL-1 5.51 ± 1.14 NS 2.18 ± 0.29 
DL-2 4.96 ± 0.19 NS 2.43 ± 0.11 
 
 
 
Table A1.2: Dissolved organic carbon (DOC) loss (µM C) following light exposure 
at the peatland bog, Bog Feeder (BF), Big Falls Brook (BFB), Hughes Brook (HB), 
and the inlet and outlet of Deer lake (DL) located in the lower reach of the Humber 
River. Values are provided as averages (n=5) ± one standard deviation. NS: 
Changes were not significant. 
 Site Spring Summer Fall 
Bog - 44.57 ± 26.87 - 
BF-1 - 37.72 ± 26.14 - 
BF-2 - 148.33 ± 107.02 - 
BFB-1 65.38 ± 25.21 68.83 ± 29.61 51.16 ± 24.43 
BFB-2 28.76 ± 7.99 57.12 ± 27.22 41.76 ± 5.58 
HB-1 45.13 ± 19.14 27.05 ± 17.97 68.76 ± 18.67 
HB-2 12.11 ± 4.73 NS NS 
DL-1 30.68 ± 14.81 NS 14.01 ± 4.02 
DL-2 20.95 ± 9.58 NS 10.47 ± 3.88 
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Table A1.3: Percent absorption loss following light exposure at six study sites 
within the Humber River Basin, including a Sphagnum peatland bog, an upstream 
site (BF-1) immediately draining the bog, and a downstream site (BF-2) situated in 
a forested reach of the same stream, a wetland-dominated catchment (BFB), 
headwater streams draining primarily coniferous forest (HB), and the inlet and outlet 
of a large lake (DL) located in the lower reach of the Humber River. Losses in 
absorption were measured as the percent change in absorption at a wavelength of 
350 nm. Values are provided as averages (n=5) ± one standard deviation. NS: Not 
significant.  
 
 Site Spring Summer Fall 
Bog - 12.61 ± 5.44 - 
BF-1 - 15.46 ± 1.92 - 
BF-2 - 21.89 ± 9.40 - 
BFB-1 22.39 ± 1.43 22.17 ± 1.78 21.40 ± 2.63 
BFB-2 19.69 ± 3.15 25.38 ± 2.51 24.81 ± 2.71 
HB-1 35.67 ± 4.17 26.21 ± 2.43 19.58 ± 2.01 
HB-2 30.67 ± 3.64 34.86 ± 3.16 30.97 ± 1.05 
DL-1 13.00 ± 3.84 NS 13.97 ± 2.29 
DL-2 36.22 ± 17.70 26.58 ± 5.31 22.88 ± 4.95 
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Table A1.4: Average decrease in dissolved organic matter (DOM) absorption ('aavg) in comparison to absorption 
losses at a wavelength of 254nm ('a254) and 350nm ('a350); changes in absorbance ratios a254:a350 ('a254:a350 = 
a254:a350 final - a254:a350 initial) and changes in spectral slope ratios ('SR=S275-295:S350-400 final - S275-295:S350-400 initial). 
Averages and standard deviations are shown for 5 replicates. BD = below detection.  
Site Season 'aavg  'a254  'a350  'a254:a350    'SR
    m-1    m-1    m-1                  
                     
Bog Summer 2.9 ± 1.6  7.1 ± 3.2  4.1 ± 1.7  0.3 ± 0.06  BD   
                     
BF-1 Summer 2.3 ± 0.5  BD    4.4 ± 0.5  0.6 ± 0.03  0.14 ± 0.04 
                     
BF-2 Summer 5.3 ± 2.5  BD    7.9 ± 3.4  0.7 ± 0.16  0.11 ± 0.03 
                     
BFB-1 Spring 3.3 ± 0.3  11.6 ± 0.9  5.3 ± 0.3  0.5 ± 0.02  0.19 ± 0.03 
BFB-1 Summer 4.1 ± 0.5  10.4 ± 1.1  6.7 ± 0.5  0.7 ± 0.02  0.15 ± 0.03 
BFB-1 Fall 2.4 ± 0.5  8.3 ± 1.1  4.3 ± 0.5  0.6 ± 0.03  0.23 ± 0.04 
                     
BFB-2 Spring 2.4 ± 0.5  5.8 ± 0.6  3.7 ± 0.6  0.5 ± 0.04  0.15 ± 0.05 
BFB-2 Summer 2.5 ± 0.3  7.4 ± 0.6  4.1 ± 0.4  0.9 ± 0.03  0.12 ± 0.03 
BFB-2 Fall 2.9 ± 0.3  7.2 ± 0.9  4.5 ± 0.5  0.8 ± 0.04  0.13 ± 0.02 
                     
HB-1 Spring 9.0 ± 1.4  10.6 ± 2.1  8.0 ± 0.9  1.2 ± 0.07  0.13 ± 0.04 
HB-1 Summer 2.4 ± 0.3  6.6 ± 0.7  3.9 ± 0.4  1.0 ± 0.03  0.12 ± 0.03 
HB-1 Fall 2.3 ± 0.5  8.4 ± 2.1  6.4 ± 0.7  0.6 ± 0.03  BD   
                     
HB-2 Spring 2.2 ± 0.3  4.2 ± 1.2  3.6 ± 0.4  1.0 ± 0.06  0.11 ± 0.03 
HB-2 Summer 2.1 ± 0.2  5.4 ± 1.0  3.4 ± 0.3  1.3 ± 0.04  0.13 ± 0.04 
HB-2 Fall 4.2 ± 0.1  9.0 ± 0.4  6.7 ± 0.0  1.0 ± 0.01  0.22 ± 0.01 
                     
DL-1 Spring 3.1 ± 1.0  2.8 ± 1.3  2.8 ± 0.8  0.4 ± 0.04  0.14 ± 0.04 
DL-1 Summer BD    BD    BD    BD    BD   
DL-1 Fall 2.2 ± 0.5  3.7 ± 1.9  3.7 ± 0.6  0.4 ± 0.03  0.13 ± 0.02 
                     
DL-2 Spring 3.5 ± 2.0  5.6 ± 2.4  4.7 ± 2.3  1.4 ± 0.28  0.25 ± 0.16 
DL-2 Summer 3.6 ± 0.7  4.3 ± 1.1  3.1 ± 0.6  0.9 ± 0.06  BD   
DL-2 Fall 5.1 ± 1.3  6.7 ± 2.0  3.9 ± 0.8  0.6 ± 0.07  BD   
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A1.2 Changes in G13CDOC following light exposure 
Table A1.5: Seasonal initial stable carbon isotope composition (G13CDOC-initial) of the 
dissolved organic matter (DOM) in samples collected at Bog Feeder (BF-1, BF-2), Big 
Falls Brook (BFB-1, BFB-2), Hughes Brook (HB-1, HB-2), and Deer Lake (DL-1, DL-2), 
and G13CDOC of the photomineralized DOM (G13Cphotomin) following light exposure in 
spring, summer, and fall samples. Values correspond to averages (n=5) ± one standard 
deviation. NS: Changes were not significant. 
 
 Site Seasonal 
G13CDOC-initial 
G13Cphotomin 
Spring
G13Cphotomin 
Summer
G13Cphotomin  
Fall
BF-1 -28.0 ± 0.1 - -35.6 ± 4.2 - 
BF-2 -27.9 ± 0.2 - -30.3 ± 1.2 - 
BFB-1 -27.8 ± 0.1 -33.4 ± 3.5 -30.4 ± 2.3 -30.8 ± 1.3 
BFB-2 -28.2 ± 0.3 -41.6 ± 4.0 -33.0 ± 3.2 -34.4 ± 2.9 
HB-1 -27.7 ± 0.4 -35.9 ± 3.6 -37.6 ± 7.3 -30.3 ± 1.6 
HB-2 -27.7 ± 0.8 -39.0 ± 6.7 NS NS 
DL-1 -27.5 ± 0.1 -40.5 ± 8.7 NS -43.2 ± 1.8 
DL-2 -27.4 ± 0.3 -32.8 ± 4.0 NS -40.5 ± 6.6 
 
 
 
 
 
 
 
 
Appendix A1 	  Page 6 of 10	  
A1.3 Minimum detectable differences for changes in DIC and DOC 
concentrations and G13C 
Table A1.6: Limit of detection or minimum detectable differences determined for 
changes in dissolved inorganic carbon (DIC) and dissolved organic carbon (DOC) 
concentrations as well as DOC isotopes (G13CDOC). Values were calculated between 
initial and final samples. The method employed is provided in the ³6WDWLVWLFV´VHFWLRQ in 
chapter 1.  
 
Site Season DIC DOC G13CDOC 
     
BFB-1 Spring 7.07 20.97 0.20 
 Summer 8.04 18.75 0.19 
 Fall 7.79 20.45 0.12 
     
BFB-2 Spring 8.29 6.65 0.23 
 Summer 14.10 22.64 0.28 
 Fall 5.16 7.08 0.37 
     
HB-1 Spring 27.81 17.79 0.19 
 Summer 16.13 14.94 0.25 
 Fall 17.24 27.38 0.17 
     
HB-2 Spring 53.59 5.31 0.27 
 Summer 56.64 11.13 0.40 
 Fall 52.82 39.25 0.24 
     
DL-1 Spring 5.22 12.32 0.19 
 Summer 8.19 5.23 0.15 
 Fall 16.31 6.75 0.21 
     
DL-2 Spring 7.09 7.97 0.27 
 Summer 13.14 3.87 0.12 
 Fall 5.46 4.47 0.11 
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A1.4 Freezing effect on dissolved organic carbon concentrations 
Table A1.7: Dissolved organic carbon (DOC) concentrations (mg C L-1) before and after 
freezing to test the effect of freezing on DOC concentrations in samples collected at one 
study site within each location (Bog, Deer Lake (DL), Hughes Brook (HB), and Big Falls 
Brook (BFB)) in summer 2010. Values correspond to averages of 3 replicates ± 
standard deviation. NS: Not significant. 
  Bog DL HB BFB 
Before freezing 21.18 ± 0.16 4.65 ± 0.10 7.82 ± 0.63 10.48 ± 0.12 
After freezing 21.59 ± 0.15 4.58 ± 0.11 6.89 ± 0.52 10.42 ± 0.11 
Effect NS NS 10.2 % NS 
 
 
Table A1.8: Comparison of absorption coefficients normalized to dissolved organic carbon 
concentration (L (mmol C)-1 m-1) to test the effect of freezing on specific UV absorption 
(SUVA) in samples collected at each site along BFB, HB, and DL in fall, as well as BF in 
summer. Values correspond to averages of 3 replicates ± standard deviation. NS: Not 
significant. 
 
Site Season Field 
measurements 
Frozen 
samples 
Effect 
HB-1 Fall 34.3 ± 0.2 34.3 ± 0.2 NS 
HB-2 Fall 75.8 ± 0.8 34.1 ± 0.7 55.0% 
DL-1 Fall 39.2 ± 0.3 41.2 ± 0.5 NS 
DL-2 Fall 38.8 ± 0.3 39.7 ± 0.5 NS 
BFB-1 Fall 23.1 ± 0.2 22.5 ± 0.7 NS 
BF-1 Summer 38.3 ± 0.4 34.9 ± 0.9 8.9% 
BF-2 Summer 37.6 ± 0.3 37.5 ± 2.2 NS 
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A2.1 Water quality parameters and dissolved organic matter composition 
Table A2.1: Dissolved organic carbon normalized absorption coefficients a254* and a350*, absorption ratios a254:a350, spectral 
slopes (S) for the wavelength ranges 275 to 295 nm and 350 to 400 nm, carbohydrate content (CHO) in glucose carbon 
equivalents as percent of total stream dissolved organic carbon, aromatic to aliphatic carbon ratios (AR:AL) as determined via CP-
MAS 13C-NMR, total inorganic carbon (TIC) concentration and discharge**. Values correspond to averages of five replicates 
derived from initial bottles used in the experiments.	   
 
Site Season a254* a350* a254:a350 S275-295 S350-400 CHO AR:AL TIC Discharge 
  L mmol C-1 m-1  µm-1 µm-1 %  µM C m3 s-1	  
           
CF-1 Summer 2009 136 35 3.9 6.2 6.7 14.9 0.25 360 0.36 
CF-1 Summer 2010 - - - - - - - 781 - 
CF-1 Autumn 2009 148 36 4.1 6.4 7.6 7.7 0.27 300 0.26 
           
CF-2 Summer 2009 124 25 5.0 7.7 8.6 28.5 0.21 380 1.06 
CF-2 Summer 2010 - - - - - - - 881 0.07 
CF-2 Autumn 2009 132 30 4.4 6.6 7.9 5.7 0.32 354 0.64 
           
BFB-1 Summer 2008 84 21 4.0 6.3 7.7 - - 388 - 
BFB-1 Autumn 2008 95 23 4.2 6.6 8.2 - - 233 - 
           
BFB-2 Summer 2008 77 18 4.3 6.8 7.9 - - 814 - 
BFB-2 Autumn 2008 96 25 3.9 6.2 7.8 - - 390 - 
           
PB-1 Summer 2009 102 22 4.6 7.3 6.9 19.3 0.31 829 0.06 
PB-1 Summer 2010 81 18 4.5 7.2 5.4 - 0.22 1179 0.20 
PB-1 Autumn 2009 136 32 4.3 6.7 6.9 19.0 0.18 530 0.16 
           
PB-2 Summer 2009 91 19 4.8 7.3 7.3 8.0 0.18 712 0.17 
PB-2 Summer 2010 99 23 4.3 6.9 5.9 - 0.41 676 0.20 
PB-2 Autumn 2009 135 26 5.2 7.9 8.2 8.5 0.23 303 1.12 
           
PB-3 Summer 2010 81 18 4.5 6.7 5.8 - 0.31 454 - 
           
GB-1 Autumn 2009 136 29 4.7 7.4 7.7 10.2 0.11 184 0.30 
           
GB-2 Autumn 2009 138 32 4.3 6.7 7.9 10.2 0.42 221 0.45 
                    
** Stream discharge measurements were conducted using a Swoffer flow meter (Model 2100; Swoffer Instruments Inc., Seattle, WA, USA) at each 
study site. Total discharge was calculated by measuring flow velocity at 60 % depth and cross-sectional area at regular intervals across each 
stream site. The number of intervals (9 ± 25) varied with the width of each stream and flow conditions. Additionally, water level was monitored at 
PB, CF and GB using in situ Onset HOBO Water Level Loggers (Bourne, MA, USA).  
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A2.2 Tile biofilm characteristics 
Table A2.2: Description of the tile (10 x 47 x 5 mm) biofilm communities including stable 
carbon isotope composition (G13C; Å, total carbon (C; µM C per tile) and nitrogen (N; µM N 
per tile) content and biofilm C:N ratios. Values correspond to averages of five replicates 
derived from initial bottles used in the experiments r one standard deviation.	  	  
 
Site Season G13C C biomass N biomass Biofilm C:N 
      
CF-1 Summer 2009 -30.8 r 0.4 45 r 0.1 5 r 0.12 8 r 0.2 
CF-1 Summer 2010 -28.8 r 0.3 28 r 1.1 3 r 0.02 9 r 0.4 
CF-1 Autumn 2009 -29.9 r 0.4 41 r 1.1 4 r 0.02 11 r 0.3 
      
CF-2 Summer 2009 -28.7 r 0.3 38 r 0.9 3 r 0.02 12 r 0.2 
CF-2 Summer 2010 -29.8 r 0.3 29 r 0.3 4 r 0.04 7 r 0.1 
CF-2 Autumn 2009 -29.4 r 0.3 119 r 1.2 12 r 0.11 10 r 0.2 
      
BFB-1 Summer 2008 -28.7 r 0.9 31 r 1.1 4 r 0.02 8 r 0.4 
BFB-1 Autumn 2008 -28.3 r 0.9 59 r 0.6 5 r 0.06 11 r 0.3 
      
BFB-2 Summer 2008 -27.9 r 0.5 30 r 1.3 3 r 0.02 9 r 0.3 
BFB-2 Autumn 2008 -27.1 r 0.6 37 r 2.1 3 r 0.06 13 r 0.1 
      
PB-1 Summer 2009 -25.8 r 0.7 39 r 0.8 6 r 0.05 6 r 0.4 
PB-1 Summer 2010 -28.5 r 0.3 31 r 0.6 5 r 0.05 6 r 0.3 
PB-1 Autumn 2009 -29.7 r 0.7 32 r 0.2 3 r 0.03 12 r 0.1 
      
PB-2 Summer 2009 -29.0 r 0.1 39 r 0.1 6 r 0.02 6 r 0.3 
PB-2 Summer 2010 -28.4 r 0.1 30 r 0.2 4 r 0.05 7 r 0.2 
PB-2 Autumn 2009 -28.9 r 0.6 26 r 1.2 2 r 0.02 11 r 0.1 
      
PB-3 Summer 2010 -28.5 r 0.1 42 r 0.1 7 r 0.05 6 r 0.1 
      
GB-1 Autumn 2009 -31.0 r 0.6 34 r 0.7 3 r 0.04 10 r 0.1 
      
GB-2 Autumn 2009 -29.4 r 0.6 32 r 0.2 5 r 0.06 7 r 0.1 
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A2.3 Stream site epilithic biofilm characteristics 
Table A2.3: Seasonal description of the stream biofilm communities on site, particularly stable carbon (G13C; Å) and nitrogen (G15N; Å) 
isotope composition, carbon (C; Wt. %) and nitrogen (N; Wt. %) content, biofilm C:N ratios, and chlorophyll (Chl; µg chl mg-1 C-1) a, b, and 
c content. Values correspond to averages of 3 replicates. Biofilm samples were not available for CF-1 due a lack of accessible epilithic 
substrata at the study site. 
  
Site Season G13C C G15N N Biofilm C:N Chl a Chl b Chl c 
          
CF-2 Summer 2009 -26.8 46.8 6.8 11.7 4.7 0.67 0.15 0.16 
CF-2 Summer 2010 -26.8 7.1 3.4 0.7 11.8 1.26 0.35 0.17 
CF-2 Autumn 2009 -27.4 2.6 5.7 0.2 13.0 12.66 3.47 3.87 
          
BFB-1 Summer 2008 -27.0 6.1 5.4 0.6 11.3 6.38 1.66 1.78 
BFB-1 Autumn 2008 -28.1 5.7 2.6 0.5 12.3 0.13 0.02 0.03 
          
BFB-2 Summer 2008 -27.9 11.5 6.7 0.3 12.8 6.21 1.69 1.85 
BFB-2 Autumn 2008 -27.0 10.9 5.7 0.3 12.9 0.11 0.02 0.05 
          
PB-1 Summer 2009 -25.6 48.7 7.8 12.3 4.6 0.55 0.14 0.07 
PB-1 Summer 2010 -32.3 22.4 2.1 2.2 11.7 2.90 0.92 0.17 
PB-1 Autumn 2009 -30.7 17.6 1.7 1.7 11.8 0.91 0.34 0.21 
          
PB-2 Summer 2009 -27.1 45.3 6.4 11.0 4.8 0.61 0.04 0.02 
PB-2 Summer 2010 -25.0 4.0 3.3 0.3 13.9 2.39 0.86 0.07 
PB-2 Autumn 2009 -28.1 4.8 2.0 0.5 12.1 2.78 1.04 0.58 
          
PB-3 Summer 2010 -24.1 1.7 4.1 0.2 13.8 1.14 0.08 0.02 
          
GB-1 Autumn 2009 -27.6 49.2 5.5 10.8 5.3 0.41 0.15 0.12 
          
GB-2 Autumn 2009 -31.7 42.5 7.8 8.5 5.9 1.35 0.29 0.20 
            
 
Site epilithic biofilm chlorophyll a represented between 62.7 and 85.0 % of the total chlorophyll and ranged in concentration from 0.1 to 12.7 µg chl a per 
mg biofilm C, while chlorophyll b concentration varied from 0.02 to 3.5 µg chl per mg C (6.2 to 25.9 %), and chlorophyll c varied from 0.02 to 3.9 µg chl 
per mg C (1.9 to 18.7 %). Chlorophyll content did not correlate to the epilithic biofilm carbon content (chl a: p = 0.10, chl b: p = 0.08, chl c: p = 0.16), 
nitrogen content (chl a: p = 0.13, chl b: p = 0.10, chl c: p = 0.20), biofilm C:N (chl a: p = 0.14, chl b: p = 0.12, chl c: p = 0.24), G13C (chl a: p = 0.96, chl b: p 
= 0.85, chl c: p = 0.97), or G15N (chl a: p = 0.72, chl b: p = 0.93, chl c: p = 0.49). 
The C:N varied between the tile biofilms (6.1 ± 13.0) and the epilithic stream biofilms (4.7 ± 13.9). Tile biofilm C:N ratios were positively correlated to 
stream C:N (p < 0.01, R2 = 0.46), but not correlated to stream dissolved organic carbon (DOC; p = 0.09), dissolved organic nitrogen (DON; p = 0.87), and 
dissolved inorganic nitrogen (DIN; p = 0.92). Stream site epilithic biofilm C:N was not correlated to stream C:N (p = 0.97), DOC (p = 0.55), DON (p = 
0.39), and DIN (0.48). 	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A2.4 DOC mineralization within the Humber River Basin 
         
Figure A2.1: Respiration rates normalized to initial dissolved 
organic carbon (DOC) concentration* at Crooked Feeder (CF-1 
and CF-DQG3\QQ¶V%URRN3%-1, PB-2, and PB-3) in summer 
2010, grouped in this figure based upon similar incubation 
temperature among sites (18.0 ± 18.2qC). Values correspond to 
five replicates r one standard deviation. 
 
Figure A2.2: Respiration rates normalized to initial dissolved 
organic carbon (DOC) concentration* at Crooked Feeder (CF), 
3\QQ¶V %URRN 3% DQG *LOODPV %URRN *% in autumn 2009, 
grouped in this figure based upon similar incubation temperature 
among sites (4.0 ± 5.5qC). Values correspond to five replicates r 
one standard deviation. 
*Biofilm respiration was regulated by DOC concentration (p = 0.03, R2 = 0.10), however, the absolute biofilm respiration rates showed the same pattern 
as rates of respiration normalized to DOC concentration indicating that composition of the DOM rather than its concentration was likely more important. 
Also, congruent with the lack of a significant (tile) biomass effect on absolute respiration rates (C content: p = 0.79; N content: p = 0.93), biofilm 
respiration rates normalized to biomass followed the trend in the absolute respiration rates. The fact that respiration was not regulated by biomass 
suggests that perhaps a large portion of what was measured as attached biomass was not necessarily related to active biomass, which is not surprising 
given that biofilms form extrapolymeric substances that would appear as carbon biomass but may not correspond to increases in respiration. 
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A2.5 Tukey Honestly Significance Tests 
7XNH\¶V +RQHVWO\ 6LJQLILFDQW 'LIIHUHQFH WHVWs (family wise error of D= 0.05; AnalystSoft Inc., StatPlus:mac - Version 2009) were 
conducted as post-hoc tests of all possible pair-wise effect comparisons in order to determine which level of each effect (tested with 
Generalized Linear Models, see chapter 2) was in fact different from which others. 
 
 
Table A2.4a: Interactions between CNP treatments and remaining substrate addition treatments, reported as p-values derived from 
Tukey's Honest Significant Difference (THSD) tests. THSD tests were conducted when a CNP treatment effect was observed 
(based on t-tests). The data table is organized based on season and description in text; p-values > 0.05 are considered as non-
significant. 
Site Season C N P NP Bog Bog-NP Pond Pond-NP 
          
CF-1 Summer 2009 0.003 0.011 0.003 0.003 - - - - 
CF-2 Summer 2009 < 0.001 < 0.001 < 0.001 < 0.001 - - - - 
BFB-1 Summer 2009 0.276 0.012 0.036 - - - - - 
BFB-2 Summer 2009 0.807 0.022 0.013 - - - - - 
PB-2 Summer 2009 0.122 0.019 0.024 0.008 - - - - 
          
CF-1 Summer 2010 < 0.001 - - < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
CF-2 Summer 2010 < 0.001 - - < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
PB-2 Summer 2010 0.026 - - 0.014 0.061 0.324 0.026 0.264 
PB-3 Summer 2010 0.011 - - 0.002 0.001 0.066 0.007 0.772 
          
PB-1 Autumn 2009 0.405 0.405 0.446 0.366 - - - - 
PB-2 Autumn 2009 1.000 1.000 0.992 1.000 - - - - 
                    
 
 
 
 
 
 
Appendix A2 Page 7 of 8 
Table A2.4b:  Interactions between C-addition treatments and remaining substrate addition treatments, reported as p-values 
derived from Tukey's Honest Significant Difference (THSD) tests. THSD tests were conducted when a C treatment effect was 
observed (based on t-tests). The data table is organized based on season and description in text; p-values > 0.05 are considered 
as non-significant. 
Site Season CNP N P NP Bog Bog-NP Pond Pond-NP 
          
CF-2 Summer 2009 < 0.001 0.014 0.043 0.030 - - - - 
BFB-2 Summer 2009 0.807 0.127 0.077 - - - - - 
          
CF-1 Summer 2010 < 0.001 - - 0.710 0.988 1.000 0.946 0.946 
CF-2 Summer 2010 < 0.001 - - < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
PB-3 Summer 2010 0.011 - - 0.993 0.980 0.993 1.000 0.282 
          
PB-2 Autumn 2009 1.000 1.000 0.996 1.000 - - - - 
                    
 
 
 
Table A2.4c:  Interactions between bog-NP treatments and remaining substrate addition treatments, 
reported as p-values derived from Tukey's Honest Significant Difference (THSD) tests. THSD tests 
were conducted when a bog-NP treatment effect was observed (based on t-tests); p-values > 0.05 are 
considered as non-significant. 
Site Season C CNP NP Bog Pond Pond-NP 
        
CF-1 Summer 2010 1.000 < 0.001 0.710 0.988 0.946 0.946 
CF-2 Summer 2010 < 0.001 < 0.001 0.855 0.996 0.855 1.000 
PB-2 Summer 2010 0.894 0.324 0.776 0.983 0.894 1.000 
PB-3 Summer 2010 0.993 0.066 0.772 0.682 0.968 0.728 
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Table A2.4d: Interactions between pond-NP treatments and remaining substrate addition treatments, 
reported as p-values derived from Tukey's Honest Significant Difference (THSD) tests. THSD tests 
were conducted when a pond-NP treatment effect was observed (based on t-tests); p-values > 0.05 
are considered as non-significant. 
Site Season C CNP NP Bog Pond Bog-NP 
        
CF-1 Summer 2010 0.946 < 0.001 0.999 1.000 1.000 0.946 
CF-2 Summer 2010 < 0.001 < 0.001 1.000 1.000 1.000 1.000 
PB-2 Summer 2010 0.936 0.264 0.841 0.993 0.936 1.000 
PB-3 Summer 2010 0.282 0.772 0.066 0.047 0.190 0.728 
                
 
 
 
Table A2.4e: Interactions between bog-DOM addition treatments and remaining substrate addition 
treatments, reported as p-values derived from Turkey's Honest Significant Difference (THSD) tests. 
THSD tests were conducted when a bog-DOM treatment effect was observed (based on t-tests); p-
values > 0.05 are considered as non-significant.  
Site Season C CNP NP Bog-NP Pond Pond-NP 
        
CF-1 Summer 2010 0.988 < 0.001 0.988 0.988 1.000 1.000 
                
 
 
 
Table A2.4f: Interactions between pond-DOM addition treatments and remaining substrate addition 
treatments, reported as p-values derived from Tukey's Honest Significant Difference (THSD) tests. 
THSD tests were conducted when a pond-DOM treatment effect was observed (based on t-tests); p-
values > 0.05 are considered as non-significant. 
Site Season C CNP NP Bog Bog-NP Pond-NP 
        
CF-1 Summer 2010 0.946 < 0.001 0.999 1.000 0.946 1.000 
PB-3 Summer 2010 1.000 0.007 0.999 0.968 0.190 1.000 
                
 	  
A3: Appendix for Chapter 3 
The impact of nutrient enrichment on dissolved organic carbon 
mineralization by headwater stream biofilm communities 
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A3.1 DOC mineralization in urbanized boreal streams 
 
 
 
Figure A3.1: Boreal stream biofilm respiration rates normalized to dissolved organic 
carbon (DOC) concentration at unimpacted upstream and nutrient-rich downstream sites 
RI9LUJLQLD5LYHU 95 /HDU\¶V%URRN LB), and Waterford River (WR) during baseflow 
conditions. Values correspond to averages of five replicates r one standard deviation. 
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A3.2 DOC mineralization in temperate streams 
	  
Figure A3.2: Biofilm respiration rates normalized to dissolved organic carbon (DOC) 
concentration along a nutrient gradient in the Ozark streams ± Cecil Creek (CC), Mill 
Creek (MC), Spavinaw Creek (SC), and Columbia Hollow (CH). Values correspond to 
averages of three replicates r one standard deviation.	  	  
A4: Appendix for Chapter 4 
Carbon cycling and autotrophic-heterotrophic linkages within boreal 
stream biofilm communities  
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A4.1 Mesocosm experiments ± Experimental set-up 
 
Figure A4.1: Experimental set-up of the mesocosm experiments described in detail in 
the method section in chapter 4. Clear (light) and opaque (dark) 12 L polycarbonate 
enclosures, equipped with peristaltic pumps to maintain stream water circulation, were 
filled with stream water substrate (6 ± 7 rocks each) randomly collected from the stream 
at each study site. Eight liters of unfiltered stream water, initially spiked with 13C-labeled 
bicarbonate as a tracer for autochthonous carbon generated during the experiments, 
were added to the mesocosms. 
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A4.2 Hourly oxygen profile in light and dark mesocosms 
            
Figure A4.2: Hourly dissolved oxygen (DO) in light (L1, L2, L3) and dark (D1, D2, D3) mesocosms at Virginia River upstream (left) 
and downstream (right) in fall 2009.  
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A4.3 Change in dissolved oxygen in light and dark mesocosms 
 
 
 
 
Figure A4.3: Average change in dissolved oxygen (DO) in light and dark mesocosms at Virginia River upstream (VR-1) and 
downstream (VR-DQGDW5HQQLH¶V5LYHU55-2). Values correspond to mesocosm averages (n = 3) r one standard deviation.  
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A4.4 Primary production as net DOC released 
 
 
 
Figure A4.4: Primary production as net dissolved organic carbon (DOC) released (PPDOC) in the light mesocosms (L1, L2, L3) at 
5HQQLH¶V5LYHUDQG9LUJLQLD5LYHUGRZQVWUHDPBD: Below detection. 
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A4.5 Change in G13CPLFA 
 
          
Figure A4.5: Stable carbon isotope composition (G13C) of the phospholipid fatty acids (PLFA) in initial, light, and dark samples at 
9LUJLQLD5LYHU95OHIWDQG5HQQLH¶V5LYHU55ULJKW Values correspond to analytical averages (n = 3) r one standard deviation. 
